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Abstract of the Thesis 
This thesis provides a comprehensive concept on how catalysis can tackle climate change and 
global warming by reducing greenhouse gases using three different approaches. In a first approach, 
gold nanoparticles were synthesized by means of a colloidal synthesis method and subsequently 
transformed to 3D gold structures, which allowed for the selective oxidative coupling of methanol 
to methyl formate and by this, reducing the emission of carbon dioxide (CO2) as a side-product. In 
a second approach, the wetness incipient impregnation method was utilized to obtain a palladium 
catalyst supported on aluminum oxide, which was investigated for its activity in the lean methane 
oxidation at elevated pressures and temperatures. Elevated pressures allowed overall higher 
combustion rates of methane to CO2, which is, in perspective, less harmful as a greenhouse gas 
than methane. The last approach tackled the reduction of CO2, using this greenhouse gas as a 
feedstock to reduce it electrochemically over nanoparticulate copper and gold catalyst, which were 
synthesized using the chemical solution deposition method followed by an in-situ electrochemical 
reduction. The final products of this reaction can be hydrocarbons, which can be utilized as fuels 
or chemicals. All in all, the idea was to find catalysts and methods to contribute to the reduction of 
potential greenhouse gases and finally closing the carbon cycle for a more sustainable and greener 
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Chapter I: Introduction 
Abstract 
This chapter covers the impact of the so-called greenhouse gases on climate change and global 
warming and on how to reduce the amount of greenhouse gases in the atmosphere by means of 
catalysis. A major focus will be set on the reduction of potential greenhouse gases, in particular 
carbon dioxide (CO2) and methane (CH4), by using metallic nanoparticles via thermal gas-phase 
catalysis but also via electrocatalysis. Furthermore, three different catalytic approaches will be 
presented, which were used in this thesis on a more fundamental level to target overall greenhouse 
gas reduction. The main objective of this introduction is to show the reader the following aspects: 
i) how greenhouse gases can potentially damage our climate, due to increased global surface 
temperatures causing climate change; ii) where these greenhouse gases are generate; iii) how 
catalysis can tackle this problem by means of different catalytic approaches. All these aspects have 
the same aim in common: the reduction of greenhouse gases for a greener and more sustainable 
future. 
1. The Climate  
Natural environment, global warming and climate change are three important topics inevitably 
linked to each other1,2. Global warming is an expression that is used to describe the increase of the 
global mean surface temperature (GMST) of lands and oceans in comparison to pre-industrial 
(around 1880) values2,3. The term climate change refers to the changes of the atmosphere, such as 
the altering composition of the global atmosphere, partially due to anthropogenic impact and partly 
to natural processes1–3. Comparing the data of GMST to pre-industrial times, a consistent increase 
of the mean surface temperature has been identified (see Figure 1.1)2,4. It is estimated that the 
anthropogenic global warming increases at the moment with 0.2°C per decade due to present but 





Figure 1.1 The change of global surface temperature relative to 1951-1980 average temperatures by NASA’s Goddard Institute for 
Space Studies. Grey dots: annual mean temperature; Black line: Lowess smoothing.4 
 
The onset of the industrial revolution caused an increase of the overall global mean surface 
temperature of around 0.98°C2,5,6 until today. The limit of 1.5°C is a very frequently observable 
value and at the same time a critical threshold, indicated by scientists, for politicians, policymakers 
and stakeholders worldwide. It is a boundary past which there is no return to the values from where 
it all started2, after which extreme climate events can be expected to occur with severe 
consequences2,7. With the current rate, the value of 1.5°C for the GMST will be reached between 
2030 and 20522. The Intergovernmental Panel on Climate Change (IPCC) projected heavy 
precipitations events and flood risks, droughts and larger dry land areas, reduction of water supplies 
stored in glaciers, the extinction of entire ecosystems (which are crucial for the natural carbon 
reduction), coastal erosions and coral bleaching due to increased sea-surface temperatures (and 
many more effects caused by the above mentioned events)2,8. The change of the GMST can have 
an impact on climate change, whereas climate change can have a back-impact on global warming1,2 
by additionally increasing the surface temperature. Nowadays, natural catastrophes have become 
more frequent than before, extreme temperatures are more common7, and ecosystems recede in 
various areas of the planet9,10. Hence, it is not only the task of the governments worldwide to take 
action and prevent this critical value from being reached. It is also the objective of scientists 
worldwide to find new technologies and methods to prevent the unpredictable from occurring.  
This thesis deals with my contribution to efforts to reduction of emissions on a smaller scale. The 
overall scope of the thesis is to gain insight into the mechanism of certain catalytic reactions, with 




on global warming and climate change. In the next sections the mechanisms underlying climate 
change and global warming will be explained in more detail. Furthermore, a discussion on how 
catalysis can help to reduce but also to capture chemicals involved in global warming will be 
presented. 
1.1. The Greenhouse-Effect 
The term greenhouse-effect derives from the function of a greenhouse: A greenhouse is usually 
built in countries where the temperatures are too cold or it is too rainy to grow certain crops. The 
function of a greenhouse is to keep the heat coming from sunlight inside the house, as the sunlight 
can enter the house and partially heat up the plant matter and soil. While one part of the radiation 
exits from the glass walls of the house, another part is retained inside, causing the greenhouse to 
warm up, thus contributing to a warm and protected condition to grow certain plants. The very 
same effect can be found on a much grander scale with the Earth11: Firstly, the solar radiation 
reaches the atmosphere, and part of it is reflected back into space. The remaining part is absorbed 
by the land and the ocean, which causes the warm temperatures of planet Earth. A fraction of this 
radiation exits the atmosphere back into space, whereas the other part is retained in the atmosphere 
by natural greenhouse gases, which ultimately keep the Earth warm enough to sustain life. 
However, besides naturally generated greenhouse gases, the presence of other greenhouse gases of 
anthropogenic nature can trap additional heat in the atmosphere, which causes an additional, man-
made greenhouse effect, and global warming on a longer run. The following image illustrates the 
greenhouse-effect: 
 
Figure 1.2 Illustration of the greenhouse-effect: Earth at preindustrial temperatures with less greenhouse gases in atmosphere (left) 
and Earth nowadays, with high amount of greenhouse gases in atmosphere causing increased surface temperatures (center). Global 




As mentioned before, these gases that cause the atmosphere to heat up are called greenhouse gases 
and different gases have different impacts on global warming. They can be of natural but also 
anthropogenic nature and are part of Earth’s atmosphere. Their capability of absorbing and emitting 
radiation of specific wavelengths within the spectrum of radiation generated by the terrestrial 
surface, the atmosphere and by clouds3 can lead to increased temperatures. Prior to the 
repercussions associated with man-made climate change, naturally occurring greenhouse gases 
were responsible for sustainable temperatures on planet Earth. Primary greenhouse gases in the 
atmosphere are carbon dioxide (CO2), water vapor, nitrous oxide (N2O), methane (CH4) and ozone 
(O3)
1,3. Some of these greenhouse gases are naturally transformed and absorbed by different 
ecosystems, thus returning the carbon or nitrogen back into the energetic cycle, whereas other gases 
remain longer in the atmosphere and constantly contribute to the increase of the global surface 
temperature of our planet6,11. In addition to the previously mentioned greenhouse gases, 
halocarbons and other halogen-containing substances are released to the atmosphere entirely due 
to human activity3. The most commonly known and accepted greenhouse gas is CO2
12, which is 
principally formed during the combustion of fossil fuels. As the quantities of this gas that are 
emitted are large, it is used as a standard unit of measurement against which the global warming 
potential (GWP) of other gases are compared1,11. However, a diverse range of so-called trace gases 
can contribute with a higher impact to global warming, due to their higher capability, compared to 
CO2, of storing the infrared radiation and also due to their longer lifetime
1,5,12–14. Among those 
trace gases, a very crucial greenhouse gas is methane (CH4) which can be largely found in the 
agricultural sector and in waste management. The GWP of methane relative to CO2 is around 28-
36 over 100 years11. Nitrous oxides can be formed in the usage of agricultural fertilizers and have 
a GWP of around 265-298 over 100 years11, and halogenated gases can have thousands or even 
tens of thousands higher GWP compared to CO2
11. These gases are released in industrial processes, 
they are used for refrigeration and are present in different consumer products (such as 
deodorants)11. Between 1970 and 2004 CO2 made up 77% of the most emitted anthropogenic 
greenhouse gases1, as such it is crucial to understand where the major emission lies. In the next 
section this will be analyzed in more detailed, in particular with a deeper insight into the chemical 
process industry.  
1.2. Greenhouse gas emission 
Around 65% of the global emission of greenhouse gases due to anthropogenic events are attributed 
to CO2, in particular to the use of fossil fuels




(like the bulk chemical15–17 industry, the life sciences industry18,19 and the fine chemical industry1), 
fossil fuels are required to power energy-intensive manufacturing processes but are also significant 
as a raw material in the production lines1. The majority of the emissions in the chemical industry 
derive, according to the International Council of Chemical Associations, from the production of 
chemicals, whereas another part derives from the extraction phase of the feedstock and fuel material 
used in the production lines and the final disposal of the produced chemicals1,20. Of the production 
of the chemicals, around 75% of the emissions are linked to the consumption of fossil fuels to 
power the manufacturing process1,21. To generate this energy, different energy sources are used, of 
which 36% percent are dedicated to the use of petroleum, 27% to coal, 23% to natural gas, 12% to 
electricity, and around 2% to others, which might involve the application of renewable energies1. 
Besides the energy consumption in the chemical industry, a part of the greenhouse gas emission 
derives from the chemical production itself, which can be considered as a non-energy industrial 
source of CO2 emissions but also a source for the emission of trace greenhouse gases
22. The 
employment of CO2 emission-rich feedstocks (petroleum and natural gas) is one of the main causes. 
The emission of a range of greenhouse gases can be found in the production of ammonia (CO2 
emission)17,22, nitric acid (N2O emission)
15,22, titanium dioxide (CO2 emission)
22–24, soda ash (CO2 
emission)22,25, carbon black22,23 and in the petrochemical production (CO2 emission)
22,26,27. Taking 
the Haber-Bosch process for ammonia synthesis as an example17,22, which involves the reaction of 
hydrogen and nitrogen in a 3:1 ratio at high temperatures and pressures, the generation of hydrogen 
for the reaction is the main CO2 emission factor. It requires the steam reforming method
28,29, which 
is the reaction of methane with water gas to obtain hydrogen and CO2. Furthermore, nitrogen is 
usually obtained by a secondary air reforming process, which results in the formation of carbon 
monoxide as a side-product. This carbon monoxide is in a second step (the water-gas shift 
reaction29) oxidized in presence of water to CO2. 
In addition to the chemical process industry, the consumption of fossil fuels can be found at a 
consumer level, namely in the operation of heat engine driven vehicles (trucks, cars and aircrafts)30–
33. Heat engines convert the heat energy obtained by fuel combustion to mechanical energy. The 
largest part of the emission during this process is CO2, followed by water vapor, carbon monoxide, 
hydrocarbons, nitrogen oxides and particulate matter such as soot30,33,34. Water vapor and CO2 are 
released during the combustion of fuel (higher chained hydrocarbons)30. Carbon monoxide, 




internal combustion engine requires the presence of air next to the fuel, the nitrogen in air can get 
oxidized to nitrous gases35.  
To tackle the emission of greenhouse gases, many different areas, both in industry but also at a 
consumer level need a radical change and the help of science. In the following section, different 
possibilities where catalysis can play a key role, with a view on the scope of this thesis, will be 
presented and explained in further detail.  
1.3. Catalysis for the reduction of greenhouse gas emissions 
To remain below the indicated limit of overall global surface temperature increase of 1.5°C, 
different actions can be taken. One very simple and straightforward way to do so is to reduce, or 
better to avoid, the emission of greenhouse gases. It is no secret that burning fossil fuels has the 
greatest impact on the emission of greenhouse gases (CO2 but also CH4)
11,30,32,33. But, also in 
industrial processes CO2 can be found as a side-product of different reactions for bulk chemical 
synthesis36. Taking as an example, methyl formate is usually produced by oxidatively coupling two 
methanol molecules to form the final product37,38. One side-product during this reaction is CO2. 
Hence, a requirement here would be to design a catalyst in such a way that the selectivity of the 
reaction is shifted towards the more desired methyl formate, in order to reduce CO2 emission. This 
reaction in particular was investigated over an unsupported gold catalyst in the first project of this 
thesis and will be further discussed in the introduction of Chapter II.  
As methane has a higher GWP compared to CO2, its emission has to be drastically reduced. In the 
transportation sector, where fossil fuels (especially natural gas) are used to generate energy for 
vehicles, the slip of uncombusted methane into the atmosphere is possible30,39,40. A catalyst in these 
sectors is required to reduce the methane slip by decreasing the activation energy of the combustion 
reaction and obtain the less harmful CO2
11. This parameter was investigated in the second project 
of this thesis, where the total pressure and temperature influence of the methane combustion was 
studied over a palladium catalyst. Further details related to this topic can be found in Chapter III. 
Another approach is to capture the CO2 formed during industrial processes and use it as a carbon 
source to synthesize useful chemicals, which can be used again as a fuel or to further obtain fine 
chemicals41–44. To name a few, the production of urea45, methanol46,47 and salicylic acid47 require 
the usage of CO2, of which 94% is dedicated to the production of urea. However, the emission of 




which is a CO2-emission intensive process
17. In the chemical industry, high CO2-emissions are 
commonly generated by the necessity of high energy-inputs, which often implement the 
employment of fossil fuels to power these processes (as previously stated). Considering that green 
energy (energy which does not emit CO2, for example from renewable energy sources) is used to 
power the reaction, a closed circle of CO2 capture and emission can be obtained
41. By this method, 
net CO2 emissions can finally be reduced to zero. The third and last project (Chapter IV) tries to 
tackle this task by electrochemically reducing CO2 over a copper and gold catalysts to form C1 
(hydrocarbon containing one carbon atom) to C3 (hydrocarbon containing three carbon atoms) 
hydrocarbons. 
The following scheme shows the relations between the three different projects, which close the 
circle of CO2 production and consumption by catalytic oxidation and reduction reactions over 
different metal catalysts using heterogeneous catalysis (gas-phase and electrocatalysis). 
 
Figure 1.3 Summary and relation of the three topics of heterogenous catalysis investigated in this thesis. 
 
In the following three chapters these topics in catalysis will be further discussed on different 
materials and reactions to underline how interdependent these reactions are to reach a net zero CO2 
emission. Each chapter will describe in detail the basic idea of the catalytic reaction involved in 
the project, the state-of-the-art methods and the aim of each project on how to improve these 
catalysts and reactions. Finally, conclusions and perspectives for each chapter will be highlighted 
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Chapter II: Porous Gold Catalysts from a Bottom-Up Approach for 
Oxidation Reactions 
This chapter of the thesis is subdivided into two parts, namely the “Mixed Gold Systems” (Part A) 
and the “Pure Gold Systems” (Part B). In both cases porous gold structures are obtained through 
the assembly of gold nanoparticles to form a 3D-network. For further investigation, added metal 
traces (Part A) and remaining impurities (Part B) will be analyzed and interpreted with regards to 
the activity of the samples in the oxidation of carbon monoxide and the selective oxidative coupling 
of methanol. In part A, a major focus will be put on the role of different metal traces in the porous 
gold structure and how these can influence the activity and selectivity in above mentioned 
reactions. In contrast, part B of this chapter focuses on the trapped sodium impurities of supposedly 
pure porous gold samples and how their presence (or absence) can influence the activity of the 
catalyst in the selective oxidative methanol coupling reaction. 
Chapter II, Part A: Mixed Gold Systems 
Abstract 
Nanoporous gold (NPG) is a novel catalyst with a high variety of chemical, physical and 
mechanical characteristics in different reactions. The synthesis of these materials has two major 
drawbacks, which include the impurity of the material after etching (metal traces remain) and the 
chemical composition of the product. For these reasons, in our work we chose to adopt a bottom-
up approach, based on the ice-templated assembly of nanoscale units with the ice subsequently 
removed through freeze-drying (cryogelation). The cryogelation of Au NPs enabled us to 
synthesize on the one hand pure, self-standing, porous gold gels. On the other hand, we developed 
a procedure to eventually decorate the gold gels with different elements (Ag, Ce, Cu and Pd) to 
study the role of metal traces and to overcome the compositional restrictions of gold alloys. 
Through SEM-imaging we observed highly porous, non-ordered and interconnected networks of 
sheets and wires revealing macroscopic and microscopic changes after high temperature catalytic 
tests. The synthesized samples were used in reactions where the NPG is known to have exceptional 
activity and selectivity, hence focusing on CO oxidation and the gas-phase oxidative methanol 
coupling. In the case of CO oxidation, the pure gold sample exhibited almost no catalytic activity. 
When this sample was compared to the doped gels, the positive effect of the dopants resulted in 




element. The coupling of methanol neglected the positive influence of metal traces. Instead, the 
pure gold system manifested the highest activities and selectivity for the reaction to form methyl 
formate. 
1. Introduction 
In industrial processes, esterification plays a key role in the synthesis of essential compounds used 
in different areas of application such as in the field of fibers, films, adhesives, plastics and solvents1. 
The process of esterification mainly involves the reversible reaction of an alcohol and a carboxylic 
acid molecule to form an ester and condensate water. For this reason the removal of water, the by-
product, during the industrial production in liquid phases is of crucial interest1. Natural sources of 
esters are fats and fatty oils and are formed in nature by enzymes, which act as a catalyst in the 
reaction2. Besides these natural reactions, different catalyst materials such as strong mineral acids 
(sulfuric acid, hydrogen chloride3,4) or ion exchangers5 catalyze the synthesis of esters in industrial 
approaches. The drawback of these methods is the formation of environmentally harmful by-
products (e.g. different types of acids, heavy metal compounds). Therefore, the usage of 
environment friendly materials in the synthesis is of high importance. Different metal catalysts can 
be used, which catalyze the reaction and avoid malign by-products at the same time. For this reason, 
the increasing interest in gold (Au) catalysts in the oxidative coupling reactions of alcohols has led 
to the development of new nanostructured materials in recent years6. One material established in 
the last few decades is the so-called nanoporous gold (NPG). This material is synthesized by the 
chemical or electrochemical etching of gold-alloys that were previously formed with different 
miscible metals (i. e. aluminum7, silver8 and copper9). The so-obtained porous structure, with small 
ligament sizes, capable of holding metal traces from the dealloying process, is able to catalyze 
different reactions (such as oxidative methanol coupling in liquid or gas phase10 and the oxidation 
of carbon monoxide11) with enhanced activities at low temperatures compared to corresponding 
supported catalysts12,13.  
One model reaction, frequently used in the literature, is the oxidation of carbon monoxide (CO) to 
carbon dioxide (CO2)
14–19. This reaction is traceable in larger quantities in the emissions control of 
vehicles20–22. CO tends to be one of the main partially oxidized products after the fuel combustion 
in the engine, which gets further oxidized by the exhaust catalyst to release the rather less toxic 
CO2 into the environment. This reaction would require very high temperatures or may not even be 
possible under certain working conditions, for which the catalyst is the solution to decrease the 
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working temperature necessary in the exhaust (with a catalyst temperature can be reduced to 
<300°C23). The following image shows a scheme of a simplified energy diagram for a reaction 
carried out in absence and presence of a catalyst, on the example of the CO-oxidation. 
 
Figure 2A.1 Left: Energy diagram for uncatalyzed and catalyzed reaction as a simplified example on the oxidation of carbon 
monoxide. Right: Simplified intermediate steps involved in the oxidation of carbon monoxide on a catalyst surface24–26. 
 
This considerably simple reaction goes through a diverse number of intermediate steps –subdivided 
to adsorption, dissociation and reaction of the reactants with the final desorption of the product – 
which ultimately decrease the overall activation energy in comparison to the uncatalyzed reaction 
itself (see left part of Figure 2A.1).  
Another reaction of interest for the nanoporous gold is the oxidative methanol coupling in the gas 
phase over the gold catalysts, in which two methanol molecules are coupled by using oxygen over 
the gold surface27. The following scheme adapted and modified from the work of Personick et al.6 
describes the mechanism of the oxidative methanol coupling on the gold surface and will be used 





Figure 2A.2 Reaction mechanism of oxidative methanol coupling to methyl formate over a gold surface6.  
 
The initiating step of the oxidative methanol coupling (Figure 2A.2) is the adsorption of oxygen 
on the catalyst surface (Step 1) followed by the formation of methoxy groups from the methanol 
feed and the simultaneous condensation of water (Step 2). The rate-limiting step in this reaction is 
the β-H-elimination of the methoxy-group to form formaldehyde (Step 3). This formaldehyde can 
undergo two different reaction paths: Firstly, a formaldehyde molecule can react with other 
methoxy-species to become a hemiacetal alcoholate on the surface which finally desorbs to form 
the products methyl formate and water (Step 4a). Apart from this step, the formaldehyde can be 
further oxidized on the surface to formate, which finally combusts to carbon dioxide and water 
(Step 4b). This step occurs in the presence of higher oxygen concentrations in which CO2 is an 
undesirable side-product27. Related to this, the selectivity for the coupling products appears to 
decrease with increasing metal trace content, as the metal traces can be present on the surface in an 
oxidized state, which are required in a moderate amount for the reaction to occur28. In the work of 
Wittstock et al. the ratio of higher concentrations of adsorbed oxygen compared to adsorbed 
methanol favored the combustion to CO2 and, along with high O2 pressures
29, were showing a 
similar behavior in the reaction. In other works of Lackmann et al.10 low coordinated surface sites 
of gold were identified to be active for the coupling of methanol. This result was controversial, due 
to the previously mentioned influence of the metal trace content on the activity, and requires further 
investigation. Although a large number of studies clearly indicates that the presence of metal traces 
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are the reason for the high activity of these catalysts, low coordinated surface sites are not a 
negligible characteristics and can contribute to the activity30,31. 
Despite these fascinating catalytic functions, the synthesis method of these materials has many 
drawbacks, such as the limitation of the chemical composition of the final product or the restriction 
of control over pore sizes. Furthermore, no published work can explain if actual pure NPG 
structures are able to catalyze the reaction, to prove if the metal traces in the NPG synthesized by 
the top-bottom approach play a crucial role in the reactions. In addition, the reproducibility of this 
approach is not high, as the starting point of the alloy is not always homogenous and the formation 
of clusters during the dealloying process32 leads to a poor distribution of the metal traces. For these 
reasons, it would be desirable to develop a new method for the synthesis of nanoporous structures 
by which it is possible to tune the composition and amount of metal trace in the system, in order to 
investigate in more detail these effects on the activity. 
In our work, we chose a bottom-up approach to tackle this challenge, exploiting the self-assembly 
of nanoscale units (i.e. metallic nanoparticles) through the cryogelation method33–35 to synthesize 
nanoporous materials. The colloidal synthesis of nanoparticles36 can be briefly explained in three 
crucial steps. In a first step, the precursors for the formation of the particles are dissolved in a 
solvent until a critical supersaturation is reached, which leads to the second step of the process: the 
formation of nuclei from the monomers. Some of these nuclei go back to solution, but the ones 
which remain stable grow into the last stage of nanoparticles. The amount and type of precursor is 
crucial for the size control of the particles37,38, as the formation of the nuclei depends on the 
presence of the precursor in solution which ultimately leads to the particles. As a rule of thumb, a 
small amount of precursor in solution will lead to no particles or to a large size distribution of 
formed particles, while large amount of precursor lead to a narrow size distribution37. This 





Figure 2A.3 LAMER diagram (left): After reaching critical supersaturation of precursor material, the nucleation stage is reached 
followed by the growth stage39. The choice of ligand can control the stability but also the size and shape of a nanoparticle (right). 
 
The physicochemical properties depend on the chemical composition, shape and size of the 
particles and can range from large surface areas, optical activity and chemical reactivity. Whenever 
the formed particles aggregate, the properties they possessed can be partially lost. Hence, it is 
crucial to stabilize particles, which can be achieved using different methods40,41. The most common 
way of stabilization is the usage of ligands having long carbon chains to passivate the surface of 
the particles. The ligands do not only control the shape of a particle by attaching to certain crystal 
sites of a particle and blocking those in their growth41,42. They also stabilize the particle through 
steric hindrance: whenever two particles with surface ligands get close, the ligands hinder the 
possibility of aggregation. Furthermore, it enables the particle to be soluble in solvents which are 
in the same polarity range of the ligand itself. Another method to stabilize particles is to provide a 
charge on the particle surface40,43, which leads to Coulomb repulsion whenever particles come too 
close to each other (as in case of citrate-capped particles)44. 
In catalysis, the synthesized nanoparticles can be deposited on high surface area oxides to perform 
catalytic reactions, as the interface between the oxide and the nanoparticle can enhance the catalytic 
activity15,45. Another possibility is to use the pure particles either by depositing them on a plane 
surface46, or through a self-assembly method which leaves a 3D network of particles as a final 
material. The self-assembly of particles is obtained by a controlled destabilization34. Taking 
particles with a ligand, a destabilization agent can be added to the solution to destabilize the 
particles without aggregation. This destabilization agent can be a salt in case of particles with a 
surface charge or oxidizing agents for particles with long-chained ligands. The ions of a saline 
solution added to a nanoparticle with surface charge can destabilize the particle by a recombination 
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of charges resulting in an uncharged particle. Oxidizing agents instead can oxidize the ligands on 
the surface of a particle leading to partial destabilization47,48. Taking as an example, thiolate capped 
nanoparticles can be destabilized using hydrogen peroxide in a controlled manner47. Then the 
solvent can be dried by using the supercritical drying method, in which liquid CO2 is used to 
exchange the solvent of the system, which then evaporates after reaching the supercritical point33,34. 
The so obtained structure has no volume loss and is called aerogel33,34. Another method35 is to 
concentrate the particles to a certain level such that freezing the solution (as in case of water as a 
solvent) results in an ice-templated assembly of these particles. The subsequent freeze-drying step 
(temperatures below freezing point of water and application of vacuum environment) leads to the 
sublimation of the ice-template and results in a self-standing 3D-structure of particles. Hence, this 
method can be called cryogelation35. Freytag et al. showed in their work a simple method to build 
3D disordered porous structures (i.e. cryogels) by freeze-drying of different metallic nanoparticles 
(NPs)35.  
The aim of this work is thus to obtain nanoporous metal structures with morphologically and 
chemically controlled properties as the building units, which is not achievable through the more 
established dealloying process (as in the case of NPG). With this approach, the role of the metal 
traces in the oxidative methanol coupling will be studied and clarified in further detail. 
2. Experimental Methods 
Synthesis of nanoparticles and gels 
The aqueous Au NPs were prepared by a citrate reduction approach at room temperature35 
(gold(III) chloride hydrate, sodium borohydride, trisodium citrate dihydrate purchased from 
Sigma-Aldrich). Subsequently, the NPs were concentrated by using 10 kDa cellulose membranes 
(purchased from Sartorius for Vivacell® and centrifuge tubes purchased from Millipore) to the 
required volume ratio of 0.1% v/v35. The concentrated solution was injected in liquid nitrogen and 
subsequently freeze-dried (using a freeze-dryer model Lio 5P) to remove the ice templates and 
obtain a 3D self-standing nanoporous structures of pure gold (also called “gel”). In order to obtain 
nanoporous structures decorated with different metals (in a gold to metal ratio of 95:5 to aim for 
similar structures as in published works9,28), aqueous copper/silver/cerium/palladium (copper(II) 
nitrate trihydrate, silver nitrate, cerium(III) nitrate hexahydrate, tetraamminepalladium(II) chloride 
monohydrate purchased from Sigma-Aldrich) salt-solutions were added to the diluted Au NPs prior 





Figure 2A.4 Scheme of synthesis procedure for pure gold gel systems (upper part) and decorated gold gel systems (lower part). 
 
Transmission electron microscopy (TEM) 
To characterize the gold nanoparticles regarding size and shape, the sample solution was dropped 
on a copper-grid and dried in air. Afterwards, the sample was analyzed by transmission electron 
microscopy (TEM, Jeol JEM-1011 with a thermionic W source operated at 100 kV). 
Elemental analysis 
The concentration of the solution was analyzed before and after the concentration step, to verify if 
the necessary volume fraction of 0.1% v/v, which is the minimum concentration for a successful 
gelation, was achieved35. In addition, the amount of add-metal was determined before and after 
concentration. The term add-metal derives from the fact that metal salt solutions were added to the 
colloidal solution, which finally results in the presence of add-cations and after cryogelation the 
presence of add-metals on the surface of the catalyst. The characterization was carried out with an 
inductively coupled plasma-optical emission spectroscope (ICP-OES, iCAP 600 series by Thermo 
Scientific). The sample was dissolved in aqua regia (3:1 ratio of hydrochloric acid and nitric acid: 
Sigma-Aldrich, for analysis) and diluted 1:10 with water after letting it digest overnight. Then the 
solution was filtered (syringe filter, PTFE-membrane with 0.2 µm pore diameter) and analyzed. 
Scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDX) 
The gels were investigated for their microscopic structure and porosity. For this, the sample was 
fixed with an adhesive carbon tape on an aluminum stub and investigated with a scanning electron 
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microscope (SEM, Jeol JSM-6490LA with an embedded energy dispersive X-ray analyzer). 
Furthermore, the chemical composition of each gel was analyzed by energy dispersive X-ray 
spectroscopy (EDX) at three different areas of the material and compared to previously collected 
data by ICP-OES after concentrating the individual solutions.  
X-ray Photoelectron Spectroscopy (XPS) 
To further compare the concentrations of decorated metals to gold on the surfaces of the samples, 
X-ray Photoelectron Spectroscopy (XPS, Kratos Axis Ultra DLD spectrometer equipped with a 
monochromatic Al Kα source (15 kV, 20 mA)) was carried out on each sample before and after the 
catalytic tests. The samples were prepared as previously described for SEM investigations, creating 
a flat surface by pressing the sample on the tape. 
High resolution scanning electron microscope (SEM) equipped with EDX 
Backscattered electrons (BSE) images having compositional contrast were collected using a JEOL 
JSM-7500FA instrument, equipped with a cold field emission gun (single crystal <310> emitter), 
a 2-segment solid state annular BSE detector and operating at 10kV. The performed experiments 
were used to investigate the surface of the samples with add-metals.  
High angle annular dark field (HAADF) scanning TEM (STEM) equipped with EDX 
High angle annular dark field (HAADF) scanning TEM (STEM) images were collected using a 
FEI Tecnai G2 F20 TWIN TMP with a Schottky emitter operated at 200 kV. The EDX analyses 
have been acquired using a Bruker XFlash 6|T30 silicon-drift detector (SDD), with 30 mm2 
effective area. The samples were sonicated for 3 h in ethanol and dropped on a Nickel grid 
(previously cleaned with a plasma-beam) to let it dry in air. The information gathered by this 
method was used to verify surface species of add-metals. 
Krypton physisorption measurements 
Krypton physisorption measurements were carried out at 77 K using a gas sorption analyzer, model 
Autosorb-iQ (Quantachrome Instruments). The samples were initially degassed for 2 h at 120 °C 
under vacuum conditions to remove weakly adsorbed species. The specific surface areas were 
calculated using the multipoint Brunauer-Emmett-Teller (BET) model, considering 8-11 equally 
spaced points in the P/P0 range from 0.05 to 0.3. P0 is the vapour pressure of Kr at 77 K, 
corresponding to 2.63 Torr. A more detailed discussion on the specific surface area can be found 





Besides these characterization techniques, two different catalytic tests were carried out on each 
sample. First, the conversion of carbon monoxide to carbon dioxide was analyzed, since this is a 
model reaction for catalysts9. The term conversion in gas-phase catalysis describes the amount of 
reactant transformed into products. The amount of the converted reactant depends on the catalyst 
properties. Following equation states the reaction for the oxidation of CO to CO2: 
 2 𝐶𝑂 + 𝑂2  → 2 𝐶𝑂2 (2A.1) 
In some reactions it is possible that not all of the CO is converted to CO2, due to poor catalyst 
performance, low reaction temperatures and poisoning of the catalyst over time49,50. This would 
automatically lead to lower CO-conversions, which can be identified by the known concentration 
of CO fed into the system [𝐶𝑂𝑖𝑛] and by analyzing the emitted CO after the catalytic reaction 
[𝐶𝑂𝑜𝑢𝑡]. Then the conversion (in %) of the reaction can be calculated according to the following 
Equation (2): 
 Conversion% =  
[𝐶𝑂𝑖𝑛] − [𝐶𝑂𝑜𝑢𝑡]
[𝐶𝑂𝑖𝑛]
∙ 100 (2A.2) 
The total concentration of the fed CO ([𝐶𝑂𝑖𝑛]) to the system subtracted the concentration of CO 
after catalytic reaction ([𝐶𝑂𝑜𝑢𝑡]) divided by the total initial CO concentration results in the final 
conversion of CO.  
To obtain the required values, the samples were measured using a micro reactor system coupled 
with a gas analyzer (Advance Optima AO2020 Series Continuous Gas Analyzer) to detect the CO 
and CO2 concentrations at the reactor outlet. The reaction was carried out using 1 vol-% CO and 
10 vol-% O2 balanced with He, at a flow rate of 60 Ncc/min. The outlet concentrations were 
screened while the temperature of the reactor was ramped to 300°C at 5°C/min ending in a dwell 
at this temperature for 1 h. After that, the cooling step on each system was initiated (cooling rate 
of 25°C/min). 
Methanol coupling 
Furthermore, the oxidative methanol (MeOH) coupling28 reaction was carried out to form methyl 
formate (MeF). This reaction can be written as following: 
 2 𝑀𝑒𝑂𝐻 + 𝑂2  → 𝑀𝑒𝐹 + 𝐻2𝑂 (2A.3) 
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The reaction rate of a reaction describes the consumption of reactant per unit time or the formation 
of the product per unit time51. The reaction rate for the oxidative methanol coupling was calculated 









In the first equation the molar flow rate 𝑄𝑚 of methanol is calculated by using the volumetric flow 
rate 𝑄 of methanol, the conversion of methanol and the molar Volume 𝑉𝑚 (which is 
22.414 L mol-1). In the second equation the molar flow rate is used to calculate the reaction rate 𝑟 
of a certain mass of catalyst 𝑚𝑐𝑎𝑡. As the reaction rate can depend on the amount of catalyst used 
or on the specific surface area of the catalyst further considerations need to be carried out. To have 
a better comparability between different reactions/catalysts, the reaction rate can be normalized to 
the used mass of catalyst or specific surface area. To do so, the reaction rate is divided by the 
mass/specific surface area. 
Some reactions can have multiple products after reaction, of which one is a more favored product28. 
Hence, it can be necessary to identify which catalyst is promoting the formation of the desired 
product with a higher selectivity. Taking the oxidative coupling of methanol as an example28, the 
preferred product obtained during this reaction is methyl formate, which is formed over various 
intermediate steps on the catalyst surface. One of the intermediate steps can lead to carbon dioxide 
instead of continuing on the path for methyl formate, which is an undesired product. To calculate 




2 ∙ [𝑀𝑒𝐹] + [𝐶𝑂2]
 (2A.6) 
In this equation 𝑆𝑃 represents the selectivity of the product (here methyl formate 𝑀𝑒𝐹), whereas 
the concentrations of the products methyl formate and carbon dioxide are represented by [𝑀𝑒𝐹] 
and [𝐶𝑂2], respectively. 
To follow this reaction, a time-resolved Fourier-transform infrared spectroscope (FTIR) was used 
(Spectrum Two™ by Perkin Elmer). The flow rate was set to 40 Ncc/min containing around 




reaction at 50, 100, 150 and 200°C for 1 h. A saturator filled with methanol was prepared and 
cooled by using a chiller (~-8°C). To create a flow with methanol, helium and oxygen were sent 
to the saturator and switched to the reactor (see scheme in Figure 2A.5). The estimated methanol 
concentrations in the flow were calculated by applying the temperature of the ice bath on the 
Antoine-equation52 (further explained in the appendix of this chapter).  
 
Figure 2A.5 Scheme of experimental setup: Oxygen balanced with Helium flows through a cooled saturator filled with methanol 
into the reactor. Out coming products are measured at the exit of the reactor by a FTIR. 
 
The total flow of the reaction was 40 Ncc/min, all set temperatures and gas mixtures (in vol-% 
balanced with He) can be taken from Figure 2A.6. 
 
Figure 2A.6 Sequence of gases and temperature dwells for methanol coupling on synthesized catalysts. 
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3. Results and Discussion 
Characterization of gels 
The synthesized Au particles showed a non-spherical shape with a size distribution of 3.8 ± 1.1 nm, 
which was identified by TEM (see following figure). 
 
Figure 2A.7 TEM-image of synthesized Au NPs using citrate reduction method (left) and particle size distribution (right).  
 
These particles were used for the synthesis of the gels. The dark red color of the particles is partially 
visible in the freshly synthesized gels (slightly darker or occasionally with a golden shimmer). The 
following figure is showing the change of the gels after the exposure to reaction conditions (at 
300°C for 1 h in 1 vol-% CO and 10 vol-% O2 atmosphere). 
 
Figure 2A.8 Selection of gels: Pure (with Na+) and doped with different cations before (up) and after (bottom) catalytic tests (at 




Figure 2A.8 shows the change of the color of the gels after the tests: All samples were dark red 
with a slight golden shimmer when freshly synthesized. Only the sample containing Pd was 
moderately brown due to the presence of Pd. Independently from the doping cation, the gels appear 
brighter but also smaller (loss of volume) and more stable than the fresh gels after being exposed 
to reaction conditions. This can be explained by the high temperatures at which they have been 
exposed to in the reactors (~300°C), which on one hand “cleaned” the surface of the gels from 
organic ligands, but on the other hand lead to a shrinkage of the nanoporous network. This loss of 
volume can be detrimental for the activity of the catalyst, as a decreased surface area can be linked 
to the loss of volume. This behavior is similar to the coarsening effect occurring in case of the 
nanoporous gold, in which smaller ligaments can coarsen to ten times of their starting sizes53. Such 
an observation was characterized by SEM-imaging of the gels before and after exposure to high 
temperatures (at 300°C for 1 h in 1 vol-% CO and 10 vol-% O2 atmosphere) and can be seen in the 
following images. 
 
Figure 2A.9 Pure Au-gel (with Na+) before (left) and after (right) catalytic tests (at 300°C for 1 h in 1 vol-% CO and 10 vol-% O2 
atmosphere). 




Figure 2A.10 AuCu-gel synthesized according second approach before (left) and after (right) catalytic tests (at 300°C for 1 h in 
1 vol-% CO and 10 vol-% O2 atmosphere). 
 
Figure 2A.11 AuCe-gel synthesized according second approach before (left) and after (right) catalytic tests (at 300°C for 1 h in 
1 vol-% CO and 10 vol-% O2 atmosphere). 
 
Figure 2A.12 AuAg-gel synthesized according second approach before (left) and after (right) catalytic tests (at 300°C for 1 h in 





Figure 2A.13 AuPd-gel synthesized according second approach before (left) and after (right) catalytic tests (at 300°C for 1 h in 
1 vol-% CO and 10 vol-% O2 atmosphere). 
 
In Figure 2A.9-Figure 2A.13 SEM-images of different Au-gels with different add-metals before 
and after thermal treatment (at 300°C for 1 h in 1 vol-% CO and 10 vol-% O2 atmosphere) are 
shown. Morphologically, there is no difference between the gels: Independent from the add-metal 
(or without) the samples show wire-like and flake-like porous structures at the beginning, which 
reduce once the catalyst was exposed to catalytic conditions. This type of coarsening can also be 
found for the nanoporous gold53 whenever temperatures above 100°C are reached and can be 
explained by the low Tammann temperature54 of gold (around 395°C). In comparison to the porous 
structures observed by SEM, the specific surface area (SSA) measured by Kr physisorption 
revealed low SSA of around 1 m2 g-1 (see isotherms in appendix). These results were comparable 
to NPG obtained by a top-down approach (2 to 5 m2 g-1)11. 
To further underline the change of the nanoparticular domains, XRD-experiments were performed 
to determine the crystallite sizes using the SCHERRER-equation (further explained in the appendix 
of this chapter). The following table presents the results of these experiments. 
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Table 2A.1 Crystallite sizes of synthesized Au-gels (with and without add-metals) before and after thermal treatments (at 300°C 
for 1 h in 1 vol-% CO and 10 vol-% O2 atmosphere) determined by XRD. 
 
As it can be seen in the comparisons of the crystallite size before and after thermal treatments, the 
crystallite domain grew double to three times compared to the starting value. Hence, the applied 
SCHERRER-equation on these patterns confirm the increased ligament sizes observed by SEM 
previously. The only exception can be found for AuCe-gel (marked in red) which shows a similar 
crystallite size before but also after the treatments. This observation can be explained by the 
possibility that the domain size for this sample is larger than for the other samples from the 
beginning, due to instability of the particles when the Ce-salt is added to the solution prior to 
concentration and gelation.  
The synthesized Au NPs solutions were analyzed by ICP-OES before and after the concentration 
step not only to verify the presence of the doped metals in the correct ratio after concentration, but 
also to verify that the desired volume ratio of 0.1 vol-% was achieved. The gels obtained from these 
solutions were then analyzed by EDX and XPS, before and after catalytic tests to have a 
comparison. Furthermore, comparing EDX and XPS data could show differences between the bulk 
(EDX) and surface composition (XPS). The following table is showing the results of the 
measurements (in atomic %) before and after catalytic tests for each metal decoration.  
  
 Sample Crystallite size before thermal treatment 
/nm 
Crystallite size after thermal treatment 
/nm 
Au-gel 6.8 ± 0.6 20.9 ± 0.2 
AuCu-gel 8.5 ± 1.7 22.2 ± 1.3 
AuCe-gel 21.8 ± 0.7 19.9 ± 0.2 
AuAg-gel 11.6 ± 1.2 21.2 ± 1.0 




Table 2A.2 Ratios of gold to doped metal determined (atomic %) by ICP-OES, EDX and XPS before and after catalytic tests (at 
300°C for 1 h in 1 vol-% CO and 10 vol-% O2 atmosphere). 
Metals 
Before catalytic tests After catalytic tests 
XPS EDX ICP XPS EDX ICP 
Au 98 99 99 99 99 - 
Cu 2 1 1 1 1 - 
Au 95 99 99 86 99 - 
Ce 5 1 1 14 1 - 
Au 85 97 96 85 97 - 
Ag 15 3 4 15 3 - 
Au 94 97 96 95 97 - 
Pd 6 3 4 5 3 - 
 
As it can be seen in Table 2A.2, the values before and after catalytic tests are comparable for AuCu 
and AuPd. This means that the surface concentration of the species corresponded to their bulk 
concentration. However, for the AuCe and AuAg gels, a different situation was observed (marked 
in red). In the case of AuCe-gel, the surface concentration of Ce was much higher after the catalytic 
tests. This can be explained by the formation of Ce-oxides on the surface of the gels. The Ce seems 
to migrate from the bulk of the sample to the surface to form oxides (presence verified by EDX-
mapping, discussed later). For the AuAg-gel, the formation of AgCl-crystals (presence verified by 
EDX-mapping, discussed later) already in the fresh sample can be an explanation for the observed 
results. The usage of Gold (III) chloride trihydrate as a precursor to synthesize the Au NPs delivers 
chlorine ions in the solution, which lead to the growth of AgCl-crystals on the Au-gel surface as 
soon as the silver nitrate is added to the colloidal solution prior to gelation. 
XPS was also identified as the best technique to understand the oxidation state of the decorated 
metals on the sample surface before and after exposure to catalytic atmospheres. The following 
image summarizes the oxidation states of the decorated metals before and after the tests. 




Figure 2A.14 Semi-Quantitative XPS-investigations on oxidation state before (top) and after (bottom) reaction conditions (at 300°C 
for 1 h in 1 vol-% CO and 10 vol-% O2 atmosphere, followed by oxidative methanol coupling at 200°C for 1 h in 2.3 vol-% MeOH 
and 1.15 vol% O2). 
 
The presence of Ag+ before and after the tests, displayed in Figure 2A.14, is explained by the 
formation of AgCl, which will be further underlined by EDX-mappings later in this chapter. 
Apparently, in the case of copper a reduction is taking place. However, to avoid misunderstandings 
it is important to mention that Cu2+ species can be reduced due to X-ray radiation55. Hence, the 
sample might have both oxidation states present, although Cu2+ is more likely, as a Cu2+-salt was 
used during the synthesis. In case of AuCe-gel a transformation from Ce3+ to Ce4+ can be observed 
which is in agreement with other investigations such as EDX-mapping, which will be discussed 
later in the thesis. This observation can be an indication for the formation of oxides on the sample 
surface. The oxidation state of Pd was problematic to identify as the signals of Pd (3d peaks) were 
covered by Au (4d peaks) signals (same binding energy range). Nevertheless, the reduction of Pd 
can be due to a reductive atmosphere on the catalyst during the reaction (i. e. the methanol can 
reduce the surface). Furthermore, the explanation for the starting material with Pd being 70% in 
the reduced oxidation state can be due to the excess of the reducing agent (sodium borohydride) in 
the reaction solution of the synthesized nanoparticles. 
To understand the distribution of the metal traces on the samples, the gels were investigated by 
EDX-mapping (HRSEM and STEM). The following images are showing the results on the AuAg-





Figure 2A.15 HRSEM-EDX image on AuAg-gel before reaction conditions; left: Image used for mapping, right: Mapping with 
Au, Ag, Cl and Na. 
 
In Figure 2A.15 the mapping reveals presence of AgCl particles of a few hundred nm size, as the 
Ag and Cl-signals overlay, where Au-signals are lower. This can be seen as a clear identification 
of AgCl crystals distributed on the surface of the catalyst.  
 
Figure 2A.16 SEM-image of AgCl-crystals on the gel before reaction conditions.  
 
In Figure 2A.16 the SEM-image shows little crystallites, which were identified as AgCl by EDX-
mapping. Consequently, in this case the silver is not distributed on the catalyst surface but instead 
accumulated as AgCl. AgCl is a very stable composition, which can lead to inactivity during 
catalytic tests. Indeed, this was the case with this sample when CO-oxidation and the methanol 
coupling reactions were carried out (see later). In literature the enhancing effect of silver impurities 
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in NPG were reported8. Controversially to this, we obtained the poorest results for this sample in 
comparison with other samples for the CO-oxidation due to AgCl crystallization. Hence, this 
sample cannot be directly compared to NPG, as the Ag is not present as a metal trace, which can 
be oxidized on the surface to contribute to the activity of the catalyst. 
The usage of the HAADF-STEM equipped with EDX was used to identify the distribution of the 
decorated metals Cu and Ce on smaller gel-fragments with a more precise method. In the following 
the results on both samples (AuCu- and AuCe-gel) will be discussed. 
 
Figure 2A.17 HAADF-STEM-EDX image on AuCu-gel (left) and the correlated mapping of Au (center) and Cu (right) before 
reaction conditions. 
 
Figure 2A.17 displays a fine distribution of copper on the gold fragments. No accumulations are 
visible which is useful for catalytic applications as more Au/Cu interfaces are available, which can 
increase the activity due to synergistic effects56. This sample is comparable to the NPG achieved 
by a top-bottom approach, whereas in this case the distribution of the metal trace seems to be all 
over the fragment, while in case clustering can occur due to the kinetics of the dealloying process32. 
The here synthesized porous gold samples were dissolved in ethanol for microscopic 
measurements. In general, the so formed fragments were rather large and thick, which makes a 
further analysis at a significantly higher magnification (for example by HR-TEM) impossible. 
Nevertheless, a further analysis of these samples at a slightly higher magnification can be useful to 
underline the state of a fine distribution of Cu on the porous gold structure.  
Next, the AuCe-gels were investigated using the same technique and to clarify the results of the 





Figure 2A.18 HAADF-STEM-EDX image on AuCu-gel (left) and the correlated mapping of Au, Ce and O (center) and overlayed 
mapping (right) after reaction conditions (at 300°C for 1 h in 1 vol-% CO and 10 vol-% O2 atmosphere). 
 
In Figure 2A.18 the formation of cerium oxide on the sample in the shape of around 100 nm islands 
can be identified. The mapping clearly shows cerium being located on oxygen. The usage of gold 
nanoparticles deposited on cerium oxide results in highly active catalysts due to the interface 
between the metal and the metal oxide57. However, the here found formation of cerium oxide 
islands on the surface of the porous gold can lead to inactivity during reactions, due to the reduced 
extent of the gold/oxide interface56. This result was indeed observed during the reproducibility 
experiments for the CO oxidation, explained at a later point. 
AuPd-samples were used in HRSEM-EDX to map the distribution of Pd on the gold catalyst. The 
following images show the results of this experiment. 
 
Figure 2A.19 HRSEM-EDX image on AuPd-gel before reaction conditions; left: Image used for mapping, right: Mapping with Au, 
Pd, O and Cl. 
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For AuPd-gel (see Figure 2A.19) a well distributed Pd-signal on the sample was found. Clustering 
of Pd would explain a poor activity of the catalyst due to reduced Au/Pd interfaces which are known 
to enhance activity of the catalyst for CO oxidation58,59. However, this experiment is not rich in 
detail and gives only an understanding on a larger scale. To see if the Pd is distributed comparable 
to Cu as previously shown, experiments using higher resolution techniques (such as STEM or HR-
TEM) are required. Nevertheless, collecting the results of each experiment (ICP-OES, EDX and 
XPS) with regards to the chemical composition of the synthesized samples shows the expected 
gold/add-metal ratios and distribution, except in the case of AuAg-gel. 
Catalytic tests: CO oxidation  
To check the catalytic activity of the catalysts in CO oxidation, around 20 mg of the synthesized 
gels were transferred in a glass pipe filled with quartz wool. The comparison of all gels is displayed 
in Figure 2A.20. 
 
Figure 2A.20 CO-oxidation: Comparison on catalytic activity for all synthesized gels. The used sample weight in each case was 
20 mg.  
 
Figure 2A.20 reveals the effect of the different metal decorations on the porous gold system: While 
the AuCu-gel is active for the CO-oxidation, other dopants are showing less or no activity. The 
positive effect of the Cu-decoration can be due to the good distribution of the metal on the gold 
surface, which was investigated by HAADF-STEM-EDX. Comparing the results to NPG 




while nanoporous gold is active at lower temperatures showing 100% conversion from room 
temperature up to 80°C at comparable catalyst weights and experimental conditions7,9. 
In case of the AuCe-gel a significant decrease of activity was detected with each cycle (see 
Figure 2A.21), explained by the development of oxides (Cerium (IV) oxide) on the surface 
reducing the gold/cerium oxide interface, verified by XPS and HAADF-STEM-EDX (see previous 
description).  
 
Figure 2A.21 CO-oxidation: Comparison on catalytic activity for AuCe-gel after two identical cycles. 
 
The AuPd-gel shows a lower activity than previously mentioned samples, which is controversial 
given the high activities expected, due to the well distributed Pd on the sample (verified by EDX-
mapping). On the other hand, it can have similar explanations to the AuCe-gel as Pd is prone to 
oxidize in oxidative atmospheres at high temperatures60, which can contribute to the reduction of 
Au/Pd interfaces. For this reason, a more detailed study on this sample may be required, such as 
the mapping with higher resolution in particular before but also after the CO oxidation reaction. 
Especially, the gels without any doping and with Ag show very low activity. For the AuAg-gel the 
presence of AgCl crystals was confirmed by HR-SEM-EDX and by XPS. The formation of those 
crystals prevents the catalyst from being active as they are too stable to form oxides. In addition, 
any pretreatment (oxidative or reductive) does not lead to changes in activity. The pure Au-gel is 
expected to be inactive in CO oxidation, due to missing metal traces which are known to enhance 
the activity of the catalyst like in case of nanoporous gold29,61, which was confirmed by this 
experiment. 












 AuCe-gel 1st cycle
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Catalytic tests: Oxidative coupling of methanol. 
For the oxidative coupling of methanol, the previously mentioned sequence (see Experimental 
Methods section) was applied on each measurement, while the time and the methanol feed was 
differed slightly for each experiment, mainly due to different environment temperatures and 
consequently different methanol vapor concentrations (further explained in the Appendix of this 
chapter). Similarly, 20 mg of the catalyst was transferred in a quartz glass reactor and packed in 
between quartz wool. 
To compare the activity of the catalyst to each other, the reaction rate normalized on the mass of 
the used catalyst was plotted against the temperature points (50, 100, 150 and 200°C) during the 
reaction. Figure 2A.22 shows the results on this comparison but also the selectivity towards methyl 
formate of each catalyst at different temperatures.  
 
Figure 2A.22 Comparison of all catalyst for oxidative coupling of methanol; Left: Comparison on reaction rate, Right: Comparison 
on selectivity towards methyl formate. 
 
Comparing the reaction rates of each catalyst, the surprising positive performance of the Au-gel is 
visible followed by AuPd at low temperatures (50 to 150°C) and AuCu at high temperatures 
(200°C). The lowest reaction rates can also be confirmed for AuAg-gel. In addition, the AuCe-gel 
is less active than the previously mentioned samples. Furthermore, the AuCe-sample shows lower 
selectivity compared to other samples. The reactivity of both samples can be affected by the 
formation of inactive species such as AgCl in case of AuAg-gel and CeO2 in case of AuCe-gel, 
reducing the interface of Au to add-metal. Both compounds were verified by EDX-mapping and 




gold28. The obtained reaction rate in case of the nanoporous gold at 80°C was 
0.022 mmolCH3OH s
-1 gcat
-1 while in the case of the synthesized sample the reaction rate was 
calculated to be 0.020 mmolCH3OH s
-1 gcat
-1 (for the pure Au-gel) at 200°C. Although it is undeniable 
that the gels were less active than nanoporous gold, the former ensured a selectivity above 90% 
even at 200°C, while in the works of Wittstock et al.28 the selectivity was decreasing already at 
lower temperatures. Similar selectivity was observed at similar reaction rates. 
When the selectivity is compared for each gel sample, a tendency towards lower selectivity with 
increasing temperatures can be observed. AuCe-gel in particular shows a drop in selectivity at 
higher temperatures. Once again, this can be due to the formation of oxides on the surface, which 
can enhance the selectivity for CO2 rather than methyl formate. This assumption was proven by 
the works of Wittstock et al.28, which showed that higher adsorbed oxygen concentrations favor 
the combustion of the intermediate species formaldehyde to CO2. Similar results were obtained by 
Xu et al.29 claiming the higher the oxygen coverage the higher the combustion rate. Excluding this 
result, all samples show in general a high selectivity for methyl formate, which is comparable to 
published results28. 
In the works of Mahr et al.32 the controversial activity of nanoporous gold regarding the metal trace 
content (formed by a gold-silver alloy) on the CO oxidation and the oxidative alcohol coupling was 
proven: a higher Ag content was beneficial for the CO oxidation and disadvantageous for the 
oxidative methanol coupling. This relation was proven for the oxidative coupling reaction 
independent from the phase (gas phase and liquid phase), which was resulting in combustion 
instead of coupling. Instead, for lower Ag contents the work of Mahr et al. signaled contradictory 
results. In our work, we are able to show the positive influence of the decoration with metals for 
the CO oxidation (see AuCu), while for the methanol coupling it seemed to be the pure Au-gel 
which was enhancing the activity for the coupling. Considering the published works, the general 
observation is the enhanced activity of the nanoporous gold in the presence of metal traces, due to 
their ability to dissociate oxygen and make it available for the coupling reaction. Hence, the pure 
NPG or in this case the pure Au-gel is expected to be inactive for the oxidative coupling of 
methanol, which is controversial to the here presented results. A deeper investigation on this case 
by means of XPS-analysis revealed the presence of sodium ions on the catalyst surface. These 
sodium ions can be found in the synthesis route of the nanoparticles (ligand and reducing agent 
contain sodium) used for the catalyst preparation. For a further understanding if and how these 
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sodium traces can influence the activity, further studies on this sample were performed and will be 
discussed in detail in the next part (Part B “Pure Gold Structures”) of this chapter.  
4. Conclusion 
This work showed a simple method for the design of novel catalysts using nanoscaled units as 
building blocks to obtain 3D-networks. Here porous gold samples were synthesized using gold 
nanoparticles as building blocks and decorating the structures with a diverse range of added metals 
(Cu, Ce, Ag and Pd) to compare the materials to established nanoporous gold structures via top-
down methods. The designed samples were compared to each other before and after catalytic tests 
using a diverse range of methods. The loss of wire-like structures and the shrinkage of the 
monoliths was identified by means of SEM-analysis after exposure to catalytic environments 
Different elemental composition analyses, such as ICP-OES, EDX and XPS, were used to 
understand the ratios of gold to decorated metal trace: When the results on AuCu- and AuPd-gels 
were compared for each technique, no major differences could be identified in the ratios. Instead, 
AuAg- and AuCe-gel had an enrichment of added cations on the surface, as verified by XPS-
analysis. When the oxidation states were observed utilizing XPS, the Ce was oxidizing after 
thermal treatments in reactive atmosphere, emigrating from the bulk of the sample to the surface. 
In the case of AuAg the Ag was identified to be in oxidation state +1 which was underlined by 
HRSEM-EDX-mapping indicating the presence of AgCl crystallites. By using STEM-EDX-
mapping the distribution of Cu all over the fragments was verified, while in the case of AuCe-gel 
the formation of CeO2 islands were demonstrated and were in agreement with previously obtained 
XPS-results.  
The results of the catalytic tests underlined the aforementioned characterization results: The AuCu-
gel was active in the CO-oxidation but also in the methanol coupling, due to the presence of Au/Cu 
interfaces. Instead, the AuAg-gel showed very low to no activity in both reactions due to AgCl 
crystallites formed on the surface, which was proven by XPS and EDX, hindering the participation 
of Ag in the reaction. The AuCe-sample showed low activity in the methanol coupling and the 
lowest selectivity towards methyl formate amongst all samples. These observations, in addition to 
the fact that each cycle in the CO oxidation led to decreased conversion rates, were in good 
agreement with the results from the XPS and EDX-mapping: the Ce was forming larger CeO2 
islands on the surface resulting in fewer interfaces of gold and ceria, which consequently lead to 




favored the combustion rather than the coupling of methanol and hence decreasing the selectivity 
of the catalyst in the methanol coupling reaction. As expected, the pure Au-gel was showing no 
activity in CO oxidation but displayed the highest activity during the methanol coupling reaction. 
Due to the controversially high activity of the pure Au-gel in the oxidative methanol coupling, an 
in-depth investigation of this system is required and was clarified in the next part of this chapter.  
A perspective for this part of the work would be the in-depth investigation on the activity of the 
decorated Cu and Pd on the nanoporous structure. To do so, the sample can be washed and used in 
the CO-oxidation and the methanol coupling. This will clarify if the Cu- or Pd-ions on the sample 
surface are washable and if they play a key role in this system or if the add-metals are partially 
alloyed and cannot be washed of the surface (possible in the case of Pd but difficult to be identified 
with the presented techniques such as XRD and XPS). Furthermore, a direct comparison to actual 
nanoporous gold produced by a top-bottom approach can be carried out. As the pure Au-gel was 
expected to be inactive in both the CO oxidation and oxidative coupling of methanol, but showed 
controversial observations in the here presented results, the synthesized material will be discussed 
in further detail in the next part of this chapter. 
In addition, new samples using different nano-units can be synthesized to test them in a reaction 
the nanoparticles are known to be active for (such as Pd-gels in the methane oxidation) and compare 
those to supported materials in a more mechanistical study. The method is simple and 
multifunctional and can pave a road for a broad range of catalysts.  
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5. Appendix  
ANTOINE equation and calibration of the used FTIR for methanol, methyl formate and CO2 
 
Figure 2A.23 Vapor pressure of methanol in relation to the temperature calculated by using the ANTOINE equation52. 
 
For a temperature range from -97.68°C (175.47 K) to 239.43°C (512.58 K) the ANTOINE equation52 
for the vapor pressure of methanol is: 
 𝑙𝑛(𝑝) = −9.372816 ∙ 𝑙𝑛(𝑇) +
−7.029198 ∙ 103
𝑇
+ 7.909415 ∙ 101 + 7.992729 ∙ 10−6 ∙ 𝑇2 (2A.8) 
With T being the temperature in K and p being the vapor pressure in kPa. To achieve a methanol 
concentration of 2.3% v/v in the flow, the cooling bath was set to -8.5°C resulting in -8°C inside 










To calculate the crystallite size the so-called SCHERRER equation was elaborated on three peaks 
taken from the following diffraction pattern of the sample before and after activity tests. The 





In this equation 𝜏 is the mean size of the crystalline domain (in nanometers), 𝐾 the dimensional 
shape factor (which has a typical value of 0.89 for spherical particles62), 𝜆 the X-ray wavelength 
(in this case for Cu Kα 0.15406 nm), 𝛽 for the full width at half maximum of a peak (in radians) 
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and 𝜃 for the BRAGG angle (in degrees). The instrumental broadening was calculated and removed 
using a diffraction pattern collected from a NIST LaB6 (SRM 660c) standard. 
 
Figure 2A.25 XRD diffraction peaks for all samples before (blue line) and after (red line) activity tests compared to bulk Au 
diffraction pattern (black vertical lines, reference code: ICDD 96-901-1613). Sequence of samples from top to bottom: Au-gel, 
AuAg-gel, AuCe-gel, AuCu-gel and AuPd-gel. 
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In addition, the d-spacing of each sample was retrieved using the HighScore software. The 
following table summarizes the results of this calculation. 
Table 2A.3 Calculated d-spacings for all gels before and after catalytic tests taking Au-gel as a reference at the diffraction peak 
44.3 °2θ. 
Metals 
Before catalytic tests 
/Å 
After catalytic tests 
/Å 
Au-gel 1.2298 ± 0.0003 (Ref.) 
AuCu-gel 1.22968 1.22975 
AuCe-gel 1.22976 1.22971 
AuAg-gel 1.22953 1.22952 
AuPd-gel 1.22769 1.22613 
 
As it can be seen from Table 2A.3 the add-metals do not show any effect on the d-spacing of the 
material, whereas Pd decreases the spacing significantly. This observation could be a first 
indication for the possibility of Pd being alloyed in the system and not decorated on the surface/in 
the bulk as a cation like the other metals. 
Kr isotherms and the specific surface area of all gels after catalytic tests 
To identify the differences in specific surface areas depending on add-metal, Kr isotherms were 
obtained and BET-calculations performed. The samples before the catalytic tests resulted in a 
desorbing rather than an adsorbing isotherm and were hence not considered at this point. This issue 
can be overcome by degassing the samples longer at higher temperatures, which might result in 
other consequences such as sintering of the sample. The following figure summarizes the results 
for all samples. 




Figure 2A.26 Kr isotherms of all gels after catalytic tests (left) and corresponding BET-plots (right) with obtained specific surface 
areas implemented in legend. 
 
As can be seen in Figure 2A.26 no significant differences between samples are visible. All samples 
show a specific surface area of around 1 m2 g-1. 
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Chapter II, Part B: Pure Gold Systems 
Abstract 
In this work, we designed 3D self-supported porous structures made of gold nanoparticles by 
utilizing a bottom-up approach and investigated their application in oxidation catalysis. This 
bottom-up approach involved the established cryogelation technique, for which nanoparticle units 
are concentrated and frozen in liquid nitrogen to subsequently remove the ice-template by the 
freeze-drying process ultimately obtaining a 3D self-standing monolith of nanoparticles. A diverse 
number of techniques enabled us to characterize the catalysts to investigate the microscopic 
changes of the catalyst before and after tests. CO oxidation and oxidative methanol coupling were 
performed to compare the obtained materials to established nanoporous gold structures from a top-
down method. As expected, the prepared gold sample was inactive in the CO oxidation but showed 
surprisingly high activities in the oxidative methanol coupling. After identifying the presence of 
sodium species on the surface of the catalyst using a set of analysis methods, a correlation between 
the presence of these species and the high activity was drawn. The removal of these sodium species 
by washing resulted in an inactive gold material for the oxidative methanol coupling reaction. In 
summary, our work indicates that presence of metal traces is required to have active porous gold 
catalysts in oxidation reactions.  
1. Introduction 
In 1906 Bone et al.1 investigated the reaction of hydrogen and oxygen on a gold surface, which 
was one of the first times gold was considered as a catalyst. A number of works2,3 followed on this 
pioneering attempt and the research on the captivating catalytic properties of gold began. Decades 
later the catalytic properties of gold were further investigated in both major fields of catalysis, 
homogeneous and heterogeneous catalysis. The first homogenous gold catalyst was introduced in 
1976, when Thomas and co-workers reported the reaction of phenylacetylene to acetophenone by 
using tetrachloroauric acid4. Today, 30 years later, the major impact of Au(I) and (III) catalyst can 
be found in the field of organic synthesis, where catalysts are required to form C-C bonds5,6 and C-
X (X = O,N) bonds7,8 for highly complex chemical compounds. Whilst the usage of gold as a 
catalyst in homogeneous catalysis can be considered as a young research field, gold as a 
heterogeneous catalyst was further developed in 1925 by oxidizing carbon monoxide (CO) over a 
gold surface9. Despite the fact that gold is rarer and more expensive compared to other metals, its 




of gold catalysts can be found in the field of emission control technologies10,11, chemical processing 
of bulk and fine chemicals12–14 and in the hydrogen production (involving fuel cell systems)15,16. 
Most of these applications imply the usage of highly active gold nanoparticles (Au NPs) of around 
2 to 5 nm in size supported on a high surface area oxides, such as silica17, ceria18 and alumina17. 
The interfaces between the Au nanoparticles and the oxide support can provide adsorbed oxygen19, 
whereas undercoordinated Au atoms can activate the dissociation of the delivered oxygen 
molecules20. In addition to the mentioned nanoparticles, many studies in literature describe the 
activity of Au atoms and their few atoms clusters. As an example, He et al.21 described the activity 
of Au in low temperature CO oxidation arising from different sized Au nanostructures, proposing 
an activity hierarchy of different Au species, which finally contribute to the activity of the metal-
supported catalysts.  
However, to understand the elemental catalytic activity of nanoparticulate gold, the removal of the 
oxide support material is essential, as the support can affect the catalytic activity in a massive 
manner. Defect Au-sites, hydroxy-groups on the support surface and possible ionic Au-species 
were assigned to be the reason of the activity22. Hence, the development of unsupported, 
nanoparticulate gold material was required to further study the reasons behind the activity of 
nanoparticulate gold catalysts. One of these materials was the aforementioned (Chapter IIA) 
nanoporous gold (NPG)23–25. As previously described, the synthesis of this material implies a top-
down approach26 in which a gold-alloy (e. g. aluminum27, silver24 and copper28) is either 
chemically25,29 or electrochemically30,31 etched. To describe the term “top-down approach” in more 
detail: The alloy is considered as the “top level” which after etching finalizes in the nanoporous 
structures (“down level”). As already mentioned, these materials with small ligament sizes and 
holding metal traces from the dealloying process are capable of catalyzing different reactions, such 
as the carbon monoxide oxidation28,32 and the liquid31,33,34 and gas phase24,25,35,36 oxidative coupling 
of methanol, with high conversions at low temperatures compared to supported catalysts.  
Although, the reproducibility of these materials in relation to the bulk concentration of the metal 
traces was shown to be possible37, higher metal trace concentrations can lead to clustering of these 
traces in the system, as the starting alloy is not always homogeneous34. Since the dealloying process 
is a diffusion dependent process, the system tends to reach an equilibrium in which the content of 
the less noble metal in the NPG cannot become zero38. The metal traces remaining in the porous 
structure appear to play the main role in the high activity of these catalysts in the oxidative coupling 
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of methanol and the oxidation of carbon monoxide, which still requires further clarification. The 
explanation found in literature for these traces being important is their ability to bind and dissociate 
molecular oxygen which takes part in methanol and CO oxidation reactions. However, some works 
in literature claim that low-coordinated gold atoms can facilitate the dissociation of molecular 
oxygen at step-edges39. Noteworthy to mention is the fact that there is an obvious correlation 
between the presence of metal traces (like Ag) and the activity of the catalyst. Yet, to date there is 
no work in literature showing a synthesis approach to obtain pure porous gold samples to clearly 
identify the reason for the activity of these samples.  
As described before, we decided to use a bottom-up approach to tackle the challenge, utilizing the 
self-assembly of nanoparticles through a gelation method40–42 to synthesize porous materials. The 
simple cryogelation method established by Freytag et al.42 was used to design a complex 3D 
disordered structure (“upper level”) built of gold nanoparticles (“bottom level”)26. Hence, the aim 
of the here presented work is to synthesize pure porous gold structures, which cannot be obtained 
via established dealloying processes. Therefore, we were able to study the role of metal traces in 
the activity of porous gold structures, focusing on the oxidation of carbon monoxide and the 
oxidative coupling of methanol to form methyl formate. 
2. Experimental Methods 
Chemicals for gold sythesis 
Gold(III) chloride trihydrate (HAuCl4·3H2O), trisodium citrate dihydrate, sodium borohydride, 
sodium chloride and sodium hydroxide were purchased from Sigma-Aldrich. All chemicals were 
used as received. 
Gold nanoparticles (Au NPs) and Au-gels synthesis 
To obtain aqueous gold nanoparticles the aforementioned citrate reduction approach42 at room 
temperature was used (see details under Experimental Methods, Chapter IIA). After concentrating 
the solution to the required volume ratio of 0.1 vol-%, the concentrated solution was injected in 
liquid nitrogen and afterwards transferred to a freeze-drier to remove the ice templates and obtain 





Figure 2B.1 Scheme of gel synthesis: First, the synthesis of Au NPs by citrate reduction method, then the concentration of 
nanoparticle solution followed by cryogelation to obtain self-standing nanoporous structures by Au NPs containing Na-ions. As a 
second step: washing and subsequent redecoration of samples with different Na-salts. 
 
Washing the gels and drop-casting diverse sodium sources 
By washing the gels (~20 mg) thoroughly with 100 mL Milli-Q water over a filter paper, the 
sodium species trapped on the surface of as-synthesized gels were reduced. To remove more 
sodium, the sample was let to stay in excess water, giving the sodium ions time to diffuse into the 
water. In addition to the washing to remove sodium traces on the sample, the role of different 
sodium sources in the catalytic activity were further investigated. Sodium chloride, sodium 
hydroxide and sodium citrate trihydrate (all purchased from Sigma-Aldrich) were dissolved in 
Milli-Q water and drop-cast on a beforehand washed sample. Then the sample was dried over 
phosphorus pentoxide (purchased from Sigma-Aldrich) inside a desiccator. Each sodium-ion 
solution was adjusted in the concentration to reach a final Au:Na ratio on the gel surface of 85:15 
(at%), to have a relation to a freshly synthesized sample analyzed by means of XPS.  
CO oxidation 
To investigate the activity of the sample in the conversion of carbon monoxide (CO) to carbon 
dioxide (CO2), a temperature programmed reaction in a micro reactor system was performed. The 
flow rate was set to 40 Ncc/min, containing 1 vol-% CO and 10 vol-% O2 balanced with He. The 
temperature program was set to ramp at 5°C/min to reach 300°C with a dwell of 1 h. To cool down, 
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the rate was changed to -25°C/min and the outcoming gas concentrations (CO and CO2) were 
analyzed using a gas analyzer (Advance Optima AO2020 Series Continuous Gas Analyzer).  
Methanol coupling 
To investigate the activity of the catalyst in the oxidative coupling of methanol, around 20 mg of 
catalyst were used. The gases were flowing at a rate of 40 Ncc/min through a cooled saturator filled 
with methanol. The so obtained methanol gas concentration was of around 2.3 vol-%, while oxygen 
was stoichiometrically balanced to 1.15 vol-% (further description to the method can be found in 
the Experimental Methods section of Chapter IIA). The temperature was ramped to dwells of an 
hour at 50, 100, 150 and 200°C and the gas outlet was analyzed using a time-resolved Fourier 
transform infrared spectrometer (FTIR, Spectrum Two™ by Perkin Elmer)  
Transmission electron microscopy (TEM) 
The synthesized gold nanoparticles were analyzed on their size distribution and shape using a 
transmission electron microscope (TEM, Jeol JEM-1011 with thermionic W source operated at 100 
kV). The sample solution was dropped on a copper grid and subsequently used for analysis.  
Elemental analysis 
To verify the required volume fraction of 0.1 vol%, the concentration of the solution before and 
after the concentration step was analyzed using an inductively coupled plasma-optical emission 
spectrometer (ICP-OES, iCAP 600 series by Thermo Scientific). Before the analysis, the aqueous 
sample solution was dissolved in aqua regia (3:1 ratio of hydrochloric acid and nitric acid: Sigma-
Aldrich, for analysis) and diluted 1:10 with water after letting it digest overnight. Finally, the 
solution was filtered (syringe filter, PTFE-membrane with 0.2 μm pore diameter) and analyzed. 
High resolution scanning electron microscope with energy dispersive X-ray analyzer (HRSEM-
EDX) 
To identify the porosity of the structures an HRSEM analysis was carried out using a JEOL JSM 
7500FA scanning electron microscope, equipped with a cold field emission gun (single crystal 
tungsten <310> emitter, ultimate resolution of 1nm) and operating at 10kV. Images were taken in 
backscattered electron (BSE) imaging mode using a 2-segment solid state annular detector. 
To further analyze the distribution and quantification of sodium on the synthesized material, EDX 
analysis was performed using an Oxford X-max LN2-free Silicon Drift Detector (SDD), with 




Pouchou and Pichoir (XPP) matrix correction algorithm included in the Oxford AZtec software 
was used to analyze the data. This was done by pressing and fixing the sample on an adhesive 
carbon tape by using a single-use spatula. To have a more accurate value for the sodium content, 
three different areas of the sample was analyzed via EDX. 
X-ray Photoelectron Spectroscopy (XPS) 
In depth investigations on the surface species was performed using X-ray photoelectron 
spectroscopy. The sodium to gold ratio on the surface of the catalyst was investigated and compared 
to EDX and ICP results. Each XPS-experiment was carried out on each sample before and after the 
washing and drop-casting step. The samples were once again pressed on an adhesive carbon-tape 
using a single-use spatula. The XPS analyses were carried out with a Kratos Axis UltraDLD 
spectrometer using a monochromatic Al K(alpha) source, operated at 20 mA and  15 kV. Survey 
scan analyses were carried out with an analysis area of 300 x 700 microns and a pass energy of 160 
eV. High resolution analyses were carried out with the same analysis area at a pass energy of 20 
eV on the energy region typical for Na 1s, C 1s and Au 4f peaks. Spectra were analysed using the 
CasaXPS software (version 2.3.17). 
X-ray diffraction (XRD) 
The crystallite sizes of the nanoparticles were determined by measuring X-ray diffractogram of the 
sample before and after catalytic tests and applying the Scherrer equation on the obtained reflexes 
(see detailed information in Appendix of Chapter IIA). The patterns were recorded on a Rigaku 
SmartLab X-Ray diffractometer equipped with a 9 kW Cu Kα rotating anode, operating at 40 kV 
and 150 mA. A Göbel mirror was used to convert the divergent X-ray beam into a parallel beam 
and to suppress the Cu Kβ radiation. The samples were measured at room temperature after 
pressing the gels on a quartz support using a glass substrate.  
Krypton physisorption measurements 
By using krypton physisorption measurements on the sample, the specific surface area was 
identified. The experiments were carried out at 77 K using a gas sorption analyzer (Autosorb-iQ, 
by Quantachrome Instruments). First, the samples were degassed for 2 h at 120 °C under vacuum 
conditions to remove weakly adsorbed species. After experiments were performed, specific surface 
areas were calculated by using the multipoint Brunauer-Emmett-Teller (BET) model, considering 
8-11 equally spaced points in the P/P0 range from 0.05 to 0.3 (P0 is the vapour pressure of Kr at 77 
K, corresponding to 2.63 Torr). 
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3. Results and Discussion 
Macroscopic and microscopic structure of the prepared samples 
Prior to the cryogelation step42, the sample concentration analyzed by ICP-OES and the required 
volume ratio of 0.1 vol-% was verified. The Au NPs building units of a size around 4 nm 
(previously identified via TEM and can be found in Results and Discussion section of Chapter IIA) 
were assembled to a voluminous monolithic gel of dark-red color and golden shimmer with a low 
density (see Figure 2B.2 a), as reported by Freytag et al42. SEM-imaging gave an insight to the 
microscopic structure of the as-synthesized material. It revealed a structure of high porosity with 
flakes of around 5 µm width and 10 – 50 µm length (see Figure 2B.2 b-d). A final disordered 3D 
structure was formed of these flake-like structures interconnected by wire-like structures (see 
arrows in Figure 2B.2 d). When comparing the results of these samples obtained via bottom-up 
approach to established NPG materials by a top-down method, significant differences can be 
identified. In case of NPG a homogenous bi-continuous pore structure with smaller ligament sizes 
of 20 - 50 nm was obtained. In contrast to these currently employed nanoporous structures29,43, the 
here shown structures showed significant differences: the size of the ligaments were several 
hundred orders of magnitude larger than the NPG. However, the here presented materials show a 
plasmonic dark-red color of the nanoparticulate gold, which verifies the presence of 
nanoparticulate domains inside the 3D-structure. The specific surface area was determined via Kr 
physisorption measurements for which the Brunauer-Emmett-Teller (BET) method was used to 
evaluate the collected data. In comparison to NPG synthesized via top-down method (with 2-





Figure 2B.2 Macroscopic (a, e) and microscopic (b-d, f-h) images of gels before (a-d) and after (e-h) exposure to catalytic 
conditions. 
 
The as-synthesized materials were then exposed to reaction conditions and compared in their 
macroscopic and microscopic structure to the freshly prepared samples. The first impression is a 
loss of volume along with a change of color to golden yellow visible subsequently after exposure 
to high temperatures (see Figure 2B.2 e). This observation can be explained by the sintering of the 
particles occurring during the exposure to high temperatures due to the low Tammann temperature 
of gold of 395°C 22. The lower melting temperature of nanoparticulate gold can be explained by 
the higher surface tension of the material with decreasing particle/domain sizes. The results of 
SEM-imaging showed a controversial result with a similar microscopic structure of the material 
before exposure to reaction conditions. The images show a retained flake-like structure of around 
several 10 µm length and width, while at the same time wire-like structures were still traceable (see 
Figure 2B.2 f-h). These controversial results can be explained by the large ligament sizes available 
in the sample, pushing the sintering temperature to higher values due to lower surface tension 
forces. In comparison to NPG obtained via top-down method, the here presented samples seem to 
be stable at high temperatures, as NPG tends to show coarsening at low temperatures such as 
100°C25, due to smaller ligament sizes of around 30 nm, which can be correlated to the higher 
surface tensions displayed in these materials. Independently from these results, the specific surface 
area seemed unchanged with a result of 1 m2 g-1 (all isotherms and BET-plots can be taken from 
the Appendix section). 
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Finally, XRD data revealed gold being the only crystalline phase in the sample (see XRD-pattern 
in the Appendix section of this chapter). The Scherrer equation (as explained before in the 
Appendix of Chapter IIA) was used to compare the dimensions of the crystallites of the as-
synthesized gold samples and of the samples after exposure to reaction conditions. The analysis 
revealed a crystallite size of 6 nm in a freshly synthesized sample and 20 nm after thermal exposure 
of the same sample, which underlines once again the sintering of the particles and explains the 
change of the color. The obtained sizes after thermal exposure are comparable with published 
works of Kameoka et al27, whereas the group reported a crystallite size of around 20 nm for NPG 
developed by a top-down approach, which was determined by applying the Scherrer equation to 
obtained XRD patterns. However, the here shown sintering seems to affect the nanoparticulate 
domains but not the specific surface area as the results after thermal exposure are similar to a freshly 
synthesized sample.  
CO oxidation 
To investigate the catalytic activity of the sample, the oxidation of CO to CO2 was performed. 
Preliminary results indicated a low activity for the fresh catalyst, which did not increase 
significantly even at higher temperatures of 300°C (see Figure 2B.3). After calculating the reaction 
rate at this temperature (0.001 mmolCO s
-1 gcat
-1) and comparing the results to reported reaction rates 
of nanoporous gold (0.020 mmolCO s
-1 gcat
-1 at 160°C27,28), the inactivity of this sample can be 
highlighted. Kameoka and co-workers27 claimed the activity of the NPG samples in CO oxidation 
arriving from the presence of metal traces, such as Al, which can form oxides and increase the 
reactivity of the catalyst by exposing Au/AlOx interfaces. Other authors in this topic described the 
activity of NPG in the oxidation of CO occurring due to low coordinated Au-atoms being present 
on the catalyst surface. These atoms provide higher binding energy sites for the CO adsorption and 
along with this, result in the observed enhanced activity of the catalyst29,44. In these works, the 
authors claimed the role of the metal trace (here Ag) is to suppress the (111)-faceting kinetics and 





Figure 2B.3 Conversion of carbon monoxide on a fresh Au-gel sample. The reaction rate at 300°C is 0.001 mmolCO s-1 gcat-1. 
 
To underline the possibility of metal traces playing a key role in the enhanced activity of the catalyst 
due to their oxidation and creation of Au/metal oxide interfaces, Déronzier et al.45 demonstrated an 
approach in which a Au-Zr mother alloy was used to synthesize the NPG structure. In this work, 
the group demonstrated a way to obtain NPG structures of high purity, in which the residual Zr 
seemed to not be involved in the reaction.  
The here shown results are comparable to the reports of Biener et al.44, Zhang et al46. and Wang et 
al.47, in which the catalytic activity of the NPG was ascribed to the presence of residual metal 
traces. In our case one possible impurity is sodium which needs further investigation. However, 
our results are oppositional to the interpretation of Kameoka et al.28 , Zielasek et al.48 and Fujita et 
al.29, in which the authors ascribe the activity to low-coordinated Au-atoms to enhance the activity 
of the NPG in the oxidation of CO to CO2.  
Selective oxidative methanol coupling and the role of sodium 
In addition to the performed experiments on the activity of the catalyst to oxidize CO, the oxidative 
coupling of methanol to methyl formate was carried out. A freshly synthesized sample was 
investigated first, resulting in a high activity for the coupling reaction with a remarkable reaction 
rate of 0.027 mmolCH3OH s
-1 gcat
-1 at 200°C. The selectivity of the catalyst at this temperature and 
rate was determined via previously mentioned calculations (see Chapter IIA). With a high 
selectivity of 85-100% towards the desired methyl formate (see Figure 2B.4) the catalyst was 
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showing a similar behavior as previously reported results of Wittstock et al. with a reaction rate of 
0.022 mmolCH3OH s
-1 gcat
-1 and a selectivity of 97% at 80°C36. The transient data for this experiment 
can be found in the Appendix of this chapter. 
During the synthesis of the here presented gold gels, chemicals involving sodium ions (such as 
sodium citrate and sodium borohydride) were used and hence the term “pure gold gel” needs to be 
used under these circumstances with caution. The possibility of sodium impurities on the catalyst 
surface could not be excluded and required further investigation in this aspect, seen as the catalyst 
seems to have a surprisingly high activity in oxidative methanol coupling, although the opposite 
was expected to occur. The nanoparticles used to form the final porous structures were obtained 
via citrate reduction method, which implies negatively charged citrate ligands on the surface of the 
particles. To have a charge balance on the surface, positive sodium ions act as counter ions for the 
negative citrate ligands. These sodium impurities can hence remain until the final structure is 
obtained on the surface of the particles and with this on the catalyst surface. It is possible that 
certain sodium species are capable of catalyzing this reaction49 which implies an in depth 
investigation on the quantity of these sodium impurities and its correlation to the activity of the 
catalyst. For this reason, we decided to further investigate the role of Na presence in the catalyst. 
A range of different bulk and surface sensitive techniques were used to verify the presence of 
sodium. As a first method, ICP-OES was chosen to be performed on the colloidal solution used to 
design the porous catalyst. The results gave remarkably low concentrations for sodium in solution, 
such that the detection limit of the instrument for sodium signals was reached. Additional SEM-
EDX analysis on the prepared catalyst was performed to get a better understanding on the sodium 
content in the bulk material. After analyzing a broad area on the sample, the results showed a very 
small sodium peak in the obtained spectrum (see spectrum, mapping and obtained Au:Na ratios in 
the Appendix of this chapter). Furthermore, this instrument reached its detection limits for sodium 
(0.1 wt%).  
In addition to the performed bulk techniques, XPS analysis was used to identify species on the 
surface of the catalyst (spectra of all samples can be found in the Appendix of this chapter). The 
results of this experiment can be found in Table 2B.1 and show a gold to sodium atomic ratio of 
85:15. Comparing this ratio to SEM-EDX results, a conclusion that sodium species are present on 
the surface of the porous gold structure and not in the bulk could be drawn. It is important to 




signal attenuation due to the presence of sodium containing surface layers, which can ultimately 
lead to overestimated sodium concentrations. The aim of this measurement was to identify the 
presence of sodium on the surface of the material and not in the bulk, which otherwise would have 
been an indication for a possible alloy of Na and Au (neglected by XRD and can be found in the 
Appendix of this chapter). To further identify the sodium species present on the catalyst surface, 
the Auger parameter was calculated using the position of the Na 1s peak and the Na KLL Auger 
peak. The parameter was calculated to be 2061 eV, ruling out the presence of elemental Na on this 
sample, as the Auger parameter would be in this case 265.9±0.3 eV50. 
In a first assumption, sodium was expected to be present in the form of Na+-species on the gold 
surface (confirmed by XPS-analysis), which meant that the sodium concentration could be 
decreased by simply washing the catalyst material with Milli-Q water. After washing the samples 
as described in the Experimental Methods section of this chapter, XPS-data showed a significant 
decrease of the sodium concentration from 85:15 (Au:Na) before washing to 99:1 after washing 
(see Table 2B.1). After washing, a the oxidative methanol coupling test was performed, showing 
no activity of the catalyst independent from the temperature (see Figure 2B.4). This result was a 
first suggestion that sodium species have an influence on the catalytic activity of the porous gold 
systems for the oxidative methanol coupling.  
 
Figure 2B.4 Reaction rate normalized on mass (left) and selectivity towards methyl formate (right) for the oxidative coupling of 
methanol to methyl formate. The different curves indicate differently treated samples: A fresh sample (black line), a washed sample 
(black dashed line), a NaCl drop-cast sample (green line), repetitively NaOH drop-cast sample (grey line and dashed grey line) 
and a Na-citrate drop-cast sample (cyan line). All drop-castings were carried out after washing the sample thoroughly with 100 mL 
Milli-Q water.  
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In additional experiments, the influence of the sodium content on the catalytic activity of the porous 
structures was analyzed. Different sodium salts were used to re-deposit sodium ions on the gold 
surface, which was obtained by drop-casting the salt solution to obtain a fast deposition method. 
Sodium chloride (NaCl), sodium hydroxide (NaOH) and sodium citrate (Na-citrate) were dissolved 
in water and drop-cast one by one on the sample and subsequently the activity for oxidative 
methanol coupling  was recorded (see Figure 2B.4). 
During the first experiment, a NaCl-solution was drop-cast on the porous structure to aim for a 
Au:Na ratio of 85:15. XPS-analysis suggested a Au:Na ratio of 93:7, unexpectedly lower than the 
targeted value. These discrepancies were explained by an inhomogeneous distribution of the salt 
on the catalyst surface, which could lead to higher but also lower ratios than aimed for. 
Independently from this result, the sample was tested in the coupling reaction, which revealed a 
reaction rate of 0.003 mmolCH3OH s
-1 gcat
-1 at 200°C. Compared to the starting value for the reaction 
rate of 0.027 mmolCH3OH s
-1 gcat
-1, the here obtained rate was roughly ten times lower. Stable NaCl 
crystals on the surface can be considered responsible for the inactivity of the catalyst. The interfaces 
between Au and Na can be drastically decreased by larger NaCl crystallites on the surface. In 
addition, the chloride counter ion of this structure is known to be poisonous for catalyst in different 
catalytic reactions49.  
In a second experiment, the sample was washed once again to remove NaCl crystals from the 
surface and drop-cast once again with a NaOH-solution aiming for the same Au:Na ratio as 
mentioned before (85:15 atomic ratio). The result in a first experiment was 37:63 and 89:11 in a 
second experiment (see Table 2B.1). After the drop-casting test, a methanol coupling was 
performed on the catalyst and the activity was regained. In comparison to a washed sample, the 
activity was significantly higher (see Figure 2B.4). However, the activity of this sample was lower 
in comparison to a freshly synthesized sample. The reason can be found in the higher sodium 
content identified via XPS (Table 2B.1) or by the inhomogeneous distribution of the sodium on 
the sample surface (especially compared to the original sample) limiting the number of active 
interfaces. On the other hand, the second experiment resulted in a closer Au:Na ratio to the original 
sample, which was once again verified by XPS (see Table 2B.1). In this case, the reaction rate at 
200°C was slightly higher than in the case of the as-synthesized sample. However, the activity of 
this sample did not reach the values of the fresh sample at lower temperatures (see Figure 2B.4). 




resulted in a mismatch of ratios compared to the original sample. The activity of the catalyst could 
not be fully recovered, when compared to a fresh sample, which can be explained by the 
inhomogeneity of the NaOH distribution on the sample. Yet, the results on the activity suggest a 
significant correlation between the sample activity in the methanol coupling and the presence of 
certain Na-species on the surface of the catalyst.  
For the last experiment with Na-citrate, the sample was washed again and a Na-citrate solution 
drop-cast on the washed sample, which resulted in a surprising Au:Na ratio of 13:87 as revealed 
by XPS (see Table 2B.1). To explain the result, the presence of organic material from the citrate 
needs to be considered. A high content of Na-citrate on the catalyst surface could complicate the 
quantitative detection of gold itself. The organic part of the salt could be bulky enough to permeate 
the porous structure of the gels. In addition, the drop-casting method could lead to a thick Na-
citrate layer covering the active sites of the catalyst. To identify the change of the Au:Na:C ratio 
before and after catalytic tests, XPS-measurements were performed, which revealed a ratio of 
4:26:70 and 3:37:60 before and after catalytic tests, respectively (see Table 2B.5 in the Appendix 
of this chapter). Firstly, the results show that the Na:Au ratio is significantly higher compared to 
an as-synthesized sample and secondly, that the exposure of the gold surface was significantly 
reduced in this experiment. Even after exposing the sample to high temperatures in the presence of 
oxygen, the surface situation seemed unchanged. Putting all these results together, a lower activity 
of this catalyst can be attributed to blocked active sites on the catalyst surface by the bulky citrate 
molecule or the poor Na distribution. The results confirm that organic molecules on the surface of 
the catalyst can be a crucial drawback for the catalytic activity and ultimately a possible drawback 
of this approach itself to synthesize porous gold structures, A clean surface is beneficial for the 
activity of a catalyst and should be aimed for.  
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Table 2B.1 Gold to sodium ratio on surface of sample after each treatment obtained by XPS-analysis. In comparison to the ratios, 
the reaction rate of each sample at 200°C normalized on the mass of used catalyst.  
 Sample Au:Na ratio 
(atm%) 






fresh sample 85:15 0.027 
washed sample 99:1 0.000 
NaCl 93:7 0.003 
1st NaOH 37:63 0.016 
2nd NaOH 89:11 0.036 
Na-citrate 13:87 0.003 
 
By analyzing the XPS-spectra in detail, measured at different points of the experiment (see timeline 
of experiment in Appendix of this chapter), the presence of Na-species on the catalyst surface could 
be correlated to the activity of the catalyst. A major focus was set on the carbon signals, as fresh 
samples (before catalytic activity = bct) presented a peak, indicating the presence of possible 





Figure 2B.5 Data on Na 1s peak (left), C 1s peak (centre) and Au 4f peak (right) for fresh sample bct, washed sample act, NaOH 
drop-cast sample bct  and NaOH drop-cast sample act. For above spectra the C1s peak was aligned for all samples to the value 
284.8 eV50. 
 
However, this observation was not surprising as ligands (citrates) were present on the surface of 
the gold particles, which reflected itself in the aforehand mentioned carbon peaks. After performing 
a methanol coupling reaction (in which the sample showed a high activity), the sample was washed 
and yet another reaction was performed, resulting in a poor activity of the catalyst. Subsequent 
XPS-analysis for this washed sample revealed the absence of both, sodium and the beforehand 
mentioned carbonate/carboxylate species found in a fresh sample (sample washed after catalytic 
test = act). After performing these experiments, the sample was drop-cast using a NaOH solution 
to regain the sodium content on the catalyst surface. Subsequently, the catalyst surface was 
analyzed for its surface species via XPS-analysis before (bct) and after catalytic tests (act). The 
results suggested, in the case of “NaOH bct”, the presence of Na on the catalyst surface but the 
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absence of carbonate and carboxylates. In addition, the Na 1s signal was shifted compared to a 
fresh sample. Comparing the sample after the methanol coupling experiments, the Na 1s peak in 
the XPS-spectrum was back in the original position as in the case of a fresh sample and carbonates/ 
carboxylates were clearly identified once again. Comparing the Auger parameter for the Na-signal 
of a fresh sample and the NaOH drop-cast sample, a similar value of 2061 eV was observed for 
both. The results suggest that the observed carbonate/ carboxylate species play a key role in the 
catalytic coupling of methanol to methyl formate in the here shown system. The formed surface 
species are possible candidates for intermediates of the reaction leading to carbon dioxide and 
methyl formate. The results clearly indicate that the reaction mechanism can only proceed in the 
presence of sodium species on the surface of the catalyst. It is noteworthy to mention that the role 
of Na in this reaction mechanism needs to be further investigated and understood, as the mechanism 
seems to differ to the one suggested for NPG systems. This difference can be underlined by the 
fact that the here presented porous gold structure seems to be inactive in CO oxidation, whereas 
the metal traces in NPG seem to enhance the activity of the catalyst independent from the reaction 
(CO oxidation or oxidative methanol coupling).  
4. Conclusion 
In this work an established bottom-up method was used to synthesize porous gold structures, which 
were similar to the nanoporous gold from the top-down method. Analysis by means of SEM 
revealed a different microscopic structure of the here shown samples compared to those of NPG-
systems, showing larger ligament sizes. However, the synthesized samples showed impurities (here 
sodium species) similar to the metal traces in the NPG. The samples obtained via cryogelation 
method were as expected, inactive in the oxidation of carbon monoxide but surprisingly highly 
active in the oxidative coupling of methanol. The inactivity in CO oxidation was explained by the 
absence of secondary metal traces (such as Cu, Ag and Al in NPG), whereas the high activity in 
methanol coupling was similar compared to nanoporous gold established by the top-down 
approach. The activity derived from sodium impurities on the surface of the catalyst and was 
detected via different bulk and surface sensitive techniques. By washing the as-synthesized 
samples, the sodium content on the catalyst surface was reduced significantly (verified by XPS-
analysis) and pure porous gold structures were obtained, which is yet not achievable by the 
established top-down dealloying method. This sodium free sample was then tested in the oxidative 
methanol coupling showing no activity for the reaction and suggesting that the sodium holds a key 




could be restored using the simple drop-casting method with a sodium hydroxide solution. XPS-
analysis revealed a carbonate/carboxylate intermediate forming on the surface in the presence of 
sodium.  
Finally, the here shown results suggest that the activity of porous gold systems obtained by the 
self-assembly of gold nanoparticles is strictly dependent on the presence of sodium traces on the 
catalyst surface, in particular in the case of the oxidative coupling of methanol. However, the 
comparison to nanoporous gold obtained via dealloying should be handled with care, seen that 
there are differences in the synthesis method, the microscopic structure and the residues present on 
the catalyst surface. Hence, extending these results to the nanoporous gold system would not be 
completely correct. The here presented approach demonstrates a well-established bottom-up 
method and its possible usage in future unsupported catalyst design. The cryogelation method can 
be extended on different particle sizes, shapes and chemical compositions paving the way to 




Figure 2B.6 Isotherms obtained by Kr-adsorption for a sample before (blank points) and after (filled points) activity tests. 

























Figure 2B.7 BET-isotherms for the sample before (left) and after (right) activity tests. 
 
XRD-analysis 
To calculate the crystallite size the so-called Scherrer equation was elaborated on three peaks taken 
from the following diffraction pattern of the sample before and after activity tests. The obtained 
values are reported in Table 2B.2. 
 
Figure 2B.8 XRD diffraction peaks for sample before (blue line) and after (red line) activity tests compared to bulk Au diffraction 
pattern (black vertical lines, reference code: ICDD 96-901-1613). 
  























































 Au-gel before activity tests




Table 2B.2 Peaks and corresponding crystallite size for sample before and after activity tests. Results were averaged at the end. 










#1 64.619 6.4 64.593 20.7 
#2 77.531 6.6 77.578 20.9 
#3 81.674 7.5 81.731 21.1 
Average ± StDev 
/nm 
6.8 ± 0.6 20.9 ± 0.2 
 
To exclude the possibility of Na-Au alloys, a pattern of NaAu2 was compared to the elaborated 
pattern of the sample. The comparison is displayed in Figure 2B.9 and shows no indication of the 
presence of such a phase in the crystallite structure of the obtained material. 
 
Figure 2B.9 XRD diffraction peaks for sample (black line) and NaAu2 pattern from database (red vertical lines, reference code: 
ICDD 96-151-0444). 
 
Transient measurement results for oxidative methanol coupling reaction  
Seen that the analysis method to identify both, the incoming reactant and the outcoming reactant, 
needs to be precise, a third parameter provides additional accuracy. The carbon balance in those 
reactions can be described as the sum of the concentration of all molecules involving carbon (in 
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case of the methanol coupling reaction these molecules would be methanol, methyl formate and 
CO2). The sum of all these species can be monitored throughout the experiment, to understand if 
there is loss of carbon molecules during the experiment due to strong adsorption on the catalyst 
surface, accumulation in the lines of the experimental setup or loss due to leaks. A well monitored 
carbon balance can give insight into how precise an experiment was performed.  
 
Figure 2B.10 Transient data of samples: fresh sample, washed sample and drop-cast with NaCl, respectively 























































Legend valid for all transient data  
Fresh Au-gel




































































































Figure 2B.11 Transient data of samples: drop-cast with Na-citrate, drop-cast 1st time with NaOH and drop-cast 2nd time with NaOH, 
respectively. 
 
In Figure 2B.10-Figure 2B.11 the carbon balance of each measurement is added. This carbon 
balance can differ throughout the reaction, because of temperature changes of the methanol cooling 
bath during time. This is particularly observed in the last image of this figure, which can be 
explained by the decrease of the temperature in the later period of the reaction, which consequently 
leads to a lower vapor pressure of methanol and finally to a lower methanol concentration in gas 
phase.  








































































































Legend valid for all transient data  
Fresh Au-gel
















































1st NaOH dropcasted Au-gel














































2nd NaOH dropcasted Au-gel
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SEM-EDX images of gels before and after catalytic tests 
 
Figure 2B.12 Mapping of Au-gel before activity tests and mapped elements (Au, C, Cl and Na). 
 
 





Figure 2B.14 EDX-spectrum of sample before activity tests with indicated Cl profile. 
 
Table 2B.3 Atomic and weight ratio of Au, Na, Cl and C of sample before activity tests. 
Element Atomic% Atomic% Sigma Wt% Wt% Sigma 
Au 59.54 0.06 95.93 0.10 
Na 0.29 0.12 0.05 0.02 
Cl 0.33 0.07 0.10 0.02 
C 39.85 1.02 3.92 0.10 
Total 100.00  100.00  
 




Figure 2B.15 Mapping of Au after activity tests and mapped elements (Au, C, Cl and Na). 
 
 





Figure 2B.17 EDX-spectrum of sample after activity tests with indicated Cl profile. 
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Table 2B.4 Atomic and weight ratio of Au, Na, Cl and C of sample after activity tests. 
Element Atomic% Atomic% Sigma Wt% Wt% Sigma 
Au 58.09 0.04 95.70 0.06 
Na 0.22 0.06 0.04 0.01 
Cl 0.34 0.03 0.10 0.01 
C 41.35 0.60 4.15 0.06 









Figure 2B.19 Timeline on experiments (XPS, oxidative methanol coupling, washing and drop-casting with NaOH) performed on 
the sample. 
 








washed sample 59.18 0.50 40.32 
1st NaOH 14.35 26.40 59.25 
2nd NaOH 53.40 6.91 39.69 
Na-citrate before test 3.73 25.89 70.37 
Na-citrate after test 2.90 37.48 59.61 
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Chapter III: Total Pressure Effects on the Combustion of Methane 
over a Pd/Al2O3 Catalyst 
This part of the thesis was performed at the Chalmers University of Technology, Gothenburg, 
Sweden in collaboration with Carl-Robert Florén and his supervisor Magnus Skoglundh1.  
Abstract 
In this work a range of various kinetic parameters for the total oxidation of methane in a lean gas 
feed using a 0.15 wt-% Pd/Al2O3 catalyst was studied. A specific focus was set on the dependency 
of the light-off temperature, the activation energy and the reaction order on the total pressure 
ranging from 1 to 10 atm and the temperature from 350 to 450°C. In addition, the effect of carbon 
dioxide and water present in the reaction atmosphere were analyzed. Above 350°C the catalytic 
activity for the methane combustion can be enhanced at elevated total pressures. The reaction order 
for methane appears to decrease at 350°C, whereas at higher temperatures it increases with 
increasing total pressures. The results were compared with multiscale models to better comprehend 
the utility of this model in future applications. Generally, the trend of the simulations appears to 
follow the trend of the experimental results. At low temperatures the observed lower conversion 
for simulated results can be explained by blocked active sites, which are even more pronounced at 
higher pressures. Conversely, at high temperatures the conversion appears to be higher due to a 
complex interplay between fast kinetics and reduced internal mass transport resistance.  
1. Introduction 
Our atmosphere is composed of 78% nitrogen, 21% oxygen, 0.9% argon, 0.04% carbon dioxide 
and diverse range of trace gases2. One of these trace gases in the atmosphere is known to be 
methane (CH4), which can be anthropogenically difficult to capture once emitted and hence 
requires the restriction of its emission in the first place. It is a known fact that methane is a powerful 
greenhouse gas, 25 times more powerful than carbon dioxide over a 100-year period3, and one of 
the least reactive alkanes4. Looking at global numbers, around 50-65% of the total methane 
emissions results from anthropogenic activities3. The main emissions of methane can be found in 
agriculture5,6, in oil and gas extraction7, in waste treatment8,9 and the combustion of fuel3. Due to 
the high impact of methane in global warming and climate change10, great efforts should be made 
to reduce the emission of such gases. To tackle the emission of methane in the atmosphere, it is 




way to reduce the impact of methane on global warming can be a controlled emission of fuel 
combustion (such as natural gas combustion engines). Either alternative engines (such as 
electromobility) can pave a road to a greener future or the catalysts in the emission control system 
of combustion engines (exhaust catalysts) needs to be improved.  
 
Figure 3.1 Sources of methane in different industrial fields and its conversion over a Pd/Al2O3 catalyst in presence of oxygen to 
CO2 and water. 
 
Methane is the main component in natural gas and has a higher hydrogen-to-carbon ratio compared 
to diesel and gasoline. The higher ratio results in lower emission levels of carbon dioxide per 
delivered unit of energy, but natural gas also benefits from lower emission levels of nitrogen oxides, 
sulphur oxides and particular matter compared to combustion of diesel and gasoline11,12. However, 
combustion engines are prone to have a slip of uncombusted hydrocarbons and it is essential that 
any methane is removed before the exhaust is released into the atmosphere3,12. The removal is 
commonly performed by catalytic converters where total combustion of methane is generally 
achieved over supported palladium based catalysts13–15. In lean conditions (oxygen excess), 
palladium oxide is reported to be a highly active material, whereas the PdO(101) surface has been 
identified as the most reactive surface for methane dissociation due to the presence of 
undercoordinated Pd sites16–19.  
In general, materials such as alumina (Al2O3), ceria (CeO2), silica (SiO2) and zirconia (ZrO2) or 
combinations of these support materials20–24 are utilized to deposit nanosized palladium for the 
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complete methane combustion reaction. In contrast to the previously mentioned support materials, 
supporting Pd on alumina has shown to possess a higher activity for complete methane combustion 
in the low temperature regime14,15,21. 
To identify highly active methane oxidation catalysts, most published experiments have been 
performed at atmospheric total pressures. Under these conditions, the catalysts still require high 
temperatures or high precious metal loadings to perform with high reaction rates25,26, while it is 
known that elevated total pressures can favor catalytic reactions at lower temperatures27,28. One 
reason for the poorer performance of methane oxidation catalysts at lower temperatures is the 
formation of hydroxyl, carbonate and bicarbonate surface species. These species originate from the 
reaction itself and can block active sites of the catalyst, which can require increased temperatures 
to make these sites accessible for the reaction once again29–32. In contrast to this, several catalytic 
systems for hydrocarbon conversion show an increased performance at elevated total pressures and 
lower temperatures27,33,34. The same applies to the combustion of methane for power generation 
where the reaction rate increases with increasing total pressure35–38. However, the lean methane 
oxidation at low temperatures over a palladium-based catalyst is relevant for vehicle exhaust after-
treatment systems, which is in combination with elevated total pressures, a rather limited area in 
literature. 
The aim of this work is to study the influence of elevated total pressures on the activity of the 
commercially used catalyst in the conversion of methane to carbon dioxide. To do so, the catalyst 
has been synthesized according to already established methods, to obtain a by now acknowledged 
system for the reaction. In this study, different variables of the lean methane oxidation, such as 
light-off temperatures, activation energies and reaction orders are investigated. A major focus is 
set on the dependency of these variables from the applied total pressure and temperature. 
Furthermore, in collaboration with a PhD student from the Chalmers University of Technology 
(Carl Robert Florén, 2019, Gothenburg, Sweden), the results were compared to modelled values to 
evaluate the applicability of the model in future works. 
2. Experimental Methods 
Synthesis of catalyst material 
A very simple method to prepare a heterogeneous catalyst is the incipient wetness impregnation 
method. It is by far the most standard and simple method used in industry39,40. Its simplicity, low 




surface area support is impregnated with a solution containing the precursor and subsequently 
dried. The metal loading is controlled by the concentration of the precursor solution, or better by 
the metal ions in solution40. The role of the support surface is merely a physical support and does 
not influence the loading in any meaningful manner39. After drying the product, further treatments 
are performed to activate the catalyst. These activation treatments include a calcination and/or 
reduction of the product to obtain the final catalyst. The bottleneck of this synthesis method is to 
optimize the parameters (metal loading, size of the particles and distribution)40 to acquire an 
efficient catalyst. Hence, the choice of precursor, its solubility in the used solvent, the counter ions 
present in solution due to the precursor and the concentration are crucial factors to control the 
aforementioned parameters40. In addition, the choice of the high surface area oxide used as support 
is important, as its porosity directs the accessibility of the active metal particles by the reactants. 
In this work palladium nanoparticles deposited on alumina were prepared using the incipient 
wetness impregnation method. The following figure shows the different steps of this procedure to 
synthesize the used catalyst material. 
 
Figure 3.2 Process of catalyst synthesis for the so-called “wetness incipient impregnation” method using Pd precursor and Al2O3 
for final deposition on a cordierite substrate. 
 
An aqueous 10 wt.-% tetraamine (II) palladium nitrate solution (Alfa Aesar) was mixed with γ-
alumina (Puralox SBa 200, Sasol) to obtain a slurry, which was instantly frozen by liquid nitrogen 
and freeze-dried overnight. After that, the sample was calcined in air by increasing the temperature 
with a rate of 5°C/min to reach 600°C for 2 h. The powder was used to wash-coat a cordierite 
monolith of 15 mm length and 12 mm diameter and cell density of 400 cells per square inch (cpsi). 
By repeatedly dipping the cordierite substrate in a slurry of 16 % catalyst powder, 4 % binder 
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material (Boehmite, Disperal P2, Sasol) and 80 % of a 50/50 mix of ethanol and water and 
subsequently drying it under a heating gun a final loading of 31 mg catalyst powder was achieved. 
Then, the final monolith was calcined under the aforementioned procedure for the powder itself 
and cooled back down to room temperature by natural convection.  
Elemental analysis 
Using an inductively coupled plasma-optical emission spectrometer (ICP-OES, iCAP 600 series 
by Thermo Scientific) the palladium loading of the catalyst powder was identified. A 3:1 mixture 
of hydrochloric and nitric acid was used to dissolve the sample by heating up the solution for 2 h 
at 100°C. Then the sample was left overnight to digest in the acid and the final solution was diluted 
to a ratio of 1:10 using Milli-Q water. Prior to the measurement, the solution was filtered using a 
syringe filter (PTFE-membrane with 0.2 µm pore diameter). In total three aliquots were measured 
to obtain an average loading value. 
Chemisorption 
Chemisorption of carbon monoxide (CO) was used to determine the dispersion of palladium on the 
catalyst powder and the diameter of the dispersed Pd particles. To achieve this, an approximate 
amount of 200 mg of sample was packed between quartz wool and degassed at 250°C for 3 h. Then, 
the dry weight of the sample was defined and used for the experiments. Prior to the chemisorption 
process, an oxidative pretreatment with 2 vol-% O2 at 500°C for 1 h was performed and followed 
by a reductive pretreatment using 4 vol-% H2 500°C for 1 h. Then the cell was cooled down to 
35°C and evacuated for 1 h. The measurement was carried out at 35°C using a Micrometrics 
ASAP2020 instrument by stepwise increasing the CO dosage. To calculate the Pd dispersion on 
the powder and the hemispherical particle diameter, the ratio of adsorbed CO molecules and surface 
Pd atoms was assumed to be 1:241.  
Nitrogen physisorption measurements  
To determine the specific surface area (SSA) of the sample, 200 mg of catalyst powder was dried 
at 225°C for 3 h under a nitrogen flow to remove weakly adsorbed surface species. Then a 
measurement was carried out using a Micrometrics Tristar 3000 instrument. The Brunauer-
Emmett-Teller (BET) model was used to calculate the SSA using five equally spaced points in the 
p/p0 range from 0.05 to 0.2. In addition, the pore size distribution of the material was identified by 





To perform the experiments an in-house built reactor setup was used. The test-bench consisted of 
mass flow controllers (Bronkhorst model FG-201CV), an in-line mount gauge pressure transmitter 
(Yokogama, model EJA530E), a stainless-steel tube (inner diameter = 15 mm, length = 480 mm) 
heated by electrical heating coils, a control valve (Bronkhorst F-001) and a mass spectrometer 
(V&F Analysetechnik, Airsense Compact) at the end of the gas outlet. The catalyst monolith was 
fixed in the stainless-steel tube using quartz wool. The heating coils where placed in the vicinity 
of the sample to reach a constant gas and reaction temperature. To measure and control the 
temperature, a K-type thermocouple was placed close to the catalyst material. The total pressure of 
the system was monitored with the pressure transmitter, which after successful communication 
allowed the control valve at the outlet to stabilize the total pressure to the set value. A schematic 
description of the setup can be found in the following scheme. 
 
Figure 3.3 Schematic description of the experimental setup for experiments at elevated total pressures up to 10 atm. 
 
Methane oxidation 
A reductive (for 20 min at 500°C with 4 vol-% H2) and an oxidative pretreatment (for 40 min at 
500°C with 2 vol-% O2) was carried out before every following experiment. To obtain reproducible 
results, each pretreatment was performed at the same total pressure of the experiment that followed 
up. Temperature programmed reaction (TPReaction) experiments were carried out by feeding 
1000 vol-ppm CH4 and 2 vol-% O2 balanced with Ar to the system at a flow rate of 100 mL/min. 
The conversion of methane (CH4) to carbon dioxide (CO2) was monitored. The temperature was 
increased with a rate of by 2°C/min to reach a maximum temperature of 450°C, followed by a 
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dwell of 30 min and cooling with a rate of 2°C/min. The total pressure of the experiments was 
varied (1, 2, 3, 4 and 10 atm) for each experiment to reveal the dependency of the performance of 
the catalyst and the activation energy of the reaction on the total pressure of the system. In addition, 
two different experiments were performed in the presence of 10 vol-% CO2 at 1 and 4 atm to 
identify the impact of CO2 on the catalytic performance and activation energy. By considering data 
points between 4-10% methane conversion, the apparent activation energy for each experiment 
was calculated. The activation energy of a reaction is the energy required for a chemical reaction 
to proceed. This energy in heterogeneous gas-phase catalysis is dependent on many factors, such 
as the number of reactant collisions and the temperature of the reaction. The so-called Arrhenius-
equation42 describes the temperature dependency of the reaction rate as following:  
 𝑘 =  𝐴 ∙ 𝑒−
𝐸𝑎
𝑅∙𝑇 (3.1) 
In this equation 𝑘 equals the reaction rate coefficient, 𝐴 the pre-exponential factor, 𝑅 the ideal gas-
constant and 𝑇 the temperature at which the reaction rate coefficient is determined. Experimentally, 
the activation energy can be determined by following steps. Firstly, the Arrhenius-equation is 
transferred by applying the natural logarithm: 




After determining the reaction rate coefficient at the thermodynamic equilibrium at different 
temperatures, the natural logarithm of it can be plotted against the reciprocal temperature in Kelvin. 
Then a linear regression can be carried out from which the slope delivers the value of the activation 
energy and the intercept at the y-axis the pre-exponential factor. This relation is demonstrated in 
the following scheme. 
 
Figure 3.4 The Arrhenius-plot: After plotting the logarithm of the reaction rate constant against the reciprocal temperature, the 




Taking into account that the chemical reaction is not defined by one single elementary step, the 
definition of activation is adapted to an overall reaction43. Excluding the effect of thermodynamics, 
the apparent activation energy of a reaction can be obtained from the linear part of a plot, which 
can deviate from the above shown (Figure 3.4) straight line43. The linear range of such a plot is 
usually below ~15% of the conversion and can deliver an approximate value for the apparent 
activation energy. 
The reaction order of a reaction describes the relationship between the reaction rate of a reaction 
and the concentration of reactants42. There are usually three main reaction orders the reactants can 
be identified by: zero, first and second order reaction42. In a zero-order reaction, the concentration 
of the reactant does not influence the reaction rate, but the presence of the reactant itself is required 
or otherwise no reaction will occur. A first order reaction depends only on the concentration of one 
reactant, even in the presence of other reactants. In a second order reaction, the rate depends on the 
concentration of two reactants present in the reaction atmosphere or on the square concentration of 
one reactant. In this work, the reaction order for methane was determined by performing a set of 
four measurements at three different temperatures (350, 400 and 450°C). The methane 
concentration was altered with 200 ppm intervals from 400 to 1600 ppm, whereas the oxygen 
concentration was fixed at 2 vol-% at varying pressures (1, 2, 3 and 4 atm).  
Many different factors, such as catalyst poisoning by reactants44, by traces of certain compounds 
in the reaction feed45 or on the surface of the catalyst46 but also thermal impact47,48 can deactivate 
the catalyst by clogging the surface, blocking active sites or causing mechanical destabilization. 
To identify the effect of water on the catalytic activity in presence of elevated pressures, 
TPReaction experiments at 1 and 4 atm before and after treating the sample in a 10 vol-% water 
steam for 24 h were carried out. The process of deactivation, which was obtained by feeding water 
steam for 24 h, is called degreening. For the TPReaction experiments, 1000 vol-ppm methane and 
2 vol-% O2 were fed to the system increasing the temperature at 5°C/min to 500°C and after a 30 
min dwell were cooled down at the same rate. The sequence of the experiments was as following:  
1. Pretreatment (as described before), TPReaction experiment at 1 atm  
2. Pretreatment, TPReaction experiment at 4 atm  
3. Deactivation of the catalyst at 500°C feeding 10 vol-% gaseous water (degreening) 
4. Pretreatment, TPReaction experiment at 1 atm  
5. Pretreatment, TPReaction experiment at 4 atm  
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Multiscale modeling of methane conversion 
By simulating the conversion of methane, a comparison to the experimental results could be 
performed. The simulations involved a previously developed 2D multiscale reactor model, which 
involved first-principle calculations to describe the surface kinetics inside a porous catalyst layer. 
In addition, mass and heat transport considerations were coupled to the previously mentioned 
conditions49,50. To describe the complete methane oxidation inside a coated monolith, a single-
channel reactor model was chosen, which has been previously implemented by other groups51,52. 
A tanks-in-series method (with ten tanks) was used to separate the coated monolith, whereas the 
catalyst itself was subdivided into layers (in 12 layers) which resulted in axial and radial gradients. 
The chosen single-channel geometry represented a monolith with 400 cpsi, as used in the 
experiments. Further details can be obtained from published works50,53.  
All the modelling experiments where performed by Carl-Robert Florén (PhD student at Chalmers 
University of Technology, Gothenburg, Sweden) and are used in this report with consent of the 
original author to demonstrate its applicability to the experimental results obtained during the 
collaboration of this work. 
3. Results and Discussion 
Characterization of catalyst material 
General properties of the Pd/Al2O3 catalyst, such as the specific surface area, the Pd loading, the 
Pd distribution and size, were determined using a various set of techniques. This knowledge was 
further used for the simulations performed. The nitrogen physisorption measurement revealed a 
specific surface area of 172 m2/g with an average pore diameter of 0.9 nm for the synthesized 
catalyst powder. These results are in line with previously published works25,54, underlining the main 
porosity arising from the alumina support. By assuming a bridged configuration of CO41 adsorption 
onto the Pd, the dispersion of Pd on the catalyst was calculated using chemisorption measurements. 
The dispersion was determined to be 41% whereas the mean diameter for a hemispherical Pd-
particle was 1.9 nm, which is comparable to published results55. To verify the loading of the 
catalyst, three different aliquots of the material were measured by ICP-OES. The results disclosed 
a 0.15% Pd-loading on alumina.  
After wash-coating the here analyzed catalyst powder on a cordierite substrate, different 
temperature programmed reaction experiments were performed to investigate the kinetic properties 




Influence of pressure on TPR experiments and activation energies 
Conversion-temperature plots at different total pressures, fixed molar flows and varying gas hourly 
space velocities (GHSV) were recorded to have a direct comparability and to identify the total 
pressure dependency of methane conversion and activation energies. Figure 3.5 shows the cooling 
phase of TPReaction experiments and the simplified Arrhenius plot to identify the apparent 
activation energy from the slope at conversions of around 5-10%. An example on how the apparent 
activation energy was obtained from these plots can be found in the Appendix of this chapter.  
  
Figure 3.5 Left: Comparison of TPReaction experiments for lean methane oxidation (1000 ppm CH4 and 2 vol-% O2) at various 
total pressures (1, 2, 3, 4 and 10 atm); Right: Corresponding simplified Arrhenius-plots. 
 
As seen in Figure 3.5 (left), the conversion of methane was plotted against the temperature to 
identify the dependency of the activity to the applied total pressure to the system. It is evident that 
there is a positive correlation between conversion and increasing pressure. This is especially 
highlighted up to total pressures of 3 atm, where the conversion increases significantly with each 
pressure step. After 3 atm, a change of activity is barely visible. This observation can be explained 
by mass transport limitations occurring on the surface of the catalyst. Active sites can be blocked 
by intermediate species, which does not allow any further molecules to adsorb and react. Hence, a 
further increase in total pressure or temperature shows no significant changes in activity.  
The positive effect of the pressure on the activity of the catalyst differs to the previously published 
work of Stotz et al.56 in which the group observed a negative impact of the total pressure on the 
activity for methane conversion over a Pd/Al2O3 catalyst. The differences in results can derive from 
the experimental differences and reaction conditions. In the published work, the group performed 










































 1 atm 68.1 kJ mol-1
 2 atm 66.8 kJ mol-1
 3 atm 79.2 kJ mol-1
 4 atm 86.8 kJ mol-1
 10 atm 90.8 kJ mol-1
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dry (in absence of water) and wet experiments (with varying contents of gaseous water) to 
investigate the influence of both total pressure and concentration of water on the activity of the 
catalyst. In this study we decided to keep a constant mass flow throughout the experiments and 
vary the gas hourly space velocity (GHSV) over the catalyst bed along with varied total pressures 
(GHSV was ~3,500 h-1 at 1 atm) while in the previously published work the authors kept a higher 
GHSV (60,000 h-1), which was fixed. Another suggestion could be the sequence in which the 
experiments were performed, which can play an important role when varying the total pressure and 
water content simultaneously. The sequence of the experiments performed by Stotz et al. was 
chosen to be altering from dry to wet conditions at constant total pressure before incrementally 
increasing the latter. During the here presented experiments the catalyst showed generally lower 
activities after a treatment in gaseous water even after performing a pretreatment method as 
previously outlined (see later in Figure 3.7) and a trend on the deactivation of the catalyst with 
each cycle in absence of pretreatments was visible. The negative impact of water on the catalytic 
activity of Pd/Al2O3 catalyst for the oxidation of methane is a well-known fact and has been 
previously studied by different groups29,31,57. In these works, the authors claim the effect is due to 
adsorbed water species and hydroxyl groups on the active sites. Indeed, in this work this effect was 
mainly observable when the reactions were performed for a longer term without the established 
pretreatment method between each step. In particular, elevated total pressures seemed to impact 
the activity more acutely. For this reason, the established pretreatment method was chosen to be 
performed between each experiment, to guarantee a clean surface, which delivered reproducible 
results. If in addition water is added to the system, as in the case of Stotz et al., a synergistic effect 
is likely to occur and the water inhibition can be more pronounced58. Hence, an in-depth study on 
this effect is required and will be discussed in later in this chapter (see subsection “Influence of 
pressure on TPR experiments and activation energies after deactivation in water”). 
Figure 3.5 (right) shows the Arrhenius plots with accompanying apparent activation energies for 
methane conversion for each TPReaction experiment. A clear trend is seen where the apparent 
activation energy increases with increasing total pressure, except at 2 atm where a slightly reduced 
activation energy is visible. The trend of increased apparent activation energies can possibly 
originate from the re-adsorbed reaction products water and CO2 which hinder the absorption of 
further methane molecules onto the active sites. Both water and CO2 can form different inhibiting 
surface species such as carbonates, formates, adsorbed water and hydroxyl species on the catalyst 




needed to cleanse the surface and make the active sites accessible again29–32. This effect is less 
visible at lower pressures with around 68 kJ/mol as high pressures can push the apparent activation 
energy up to 90 kJ/mol, which is in range within previous studies59.  
As a next study, the obtained experimental results were compared to modelled experiments 
performed by a PhD student from the Chalmers University of Technology (Carl-Robert Florén, 
2019) with previously described methods (see section on Experimental methods)1. The following 
figure shows the results of this comparison for TPReaction experiments. 
 
Figure 3.6 Comparison of experimental TPReaction experiments (solid lines) and modelled TPReaction experiments (dotted lines) 
for lean methane oxidation (1000 ppm CH4 and 2 vol-% O2) at various total pressures (1, 2, 3, 4 and 10 atm).1 
 
To briefly compare the modelled TPReaction experiments, the experimental results were plotted 
alongside the modelled results in Figure 3.6. This figure shows that the multiscale model captures 
the general trend of the experiments but does not describe their exact behaviour in terms of methane 
conversion. In dry methane oxidation with 1000 vol-ppm CH4 and 2 vol-% O2, the developed 
multiscale model underestimates the activity at low reaction temperatures while overestimating the 
activity at higher reaction temperatures and total pressures. In the case of low temperatures this can 
be due to an overprediction of the model regarding higher coverage of active sites by adsorbates as 
carbonate and hydroxyl which lead to lower activities. A further simulation analysis on adsorbed 
species was carried out on the PdO surface and is further described in the Appendix of this chapter. 
The reason for the overestimated activity at high temperatures can be explained by the 
underestimated heat losses of the model, as it is assumed to be an adiabatic system, which loses 
heat only from the inlet and outlet of the reactor. In addition, mass transport limitations can occur 
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in the experimental reaction, which were possibly not encountered in the modelled results. Hence, 
for a better understanding the Weisz module for this reaction was simulated and is discussed in 
detail in the Appendix of this Chapter. It is crucial to remember that any support effects or structural 
changes of the active site are not accounted for in this model and can affect the overall catalytic 
activity32. However, it is noteworthy to mention that the model does describe the same trends of 
increased total pressure on catalytic activity and methane conversion. 
Influence of pressure on TPR experiments and activation energies after deactivation in water 
As explained before, the observations of this work in comparison to the work of Stotz et al. showed 
differences in the results but also in the experimental sequence. Hence, in a second experiment the 
effect of water steam on the catalyst activity was further investigated, to have a closer comparability 
to the performed experiments in the previously published work of Stotz et al56. To do so, the catalyst 
was transferred to a different reactor in which it was deactivated for 24 h in a 10 vol-% water gas 
stream at 500°C. The experiments where performed before (1 and 4 atm) and after this deactivation 
procedure. The results are compared to each other in the following figure. In addition, the 
simplified Arrhenius plots were compared to see the effect on the apparent activation energy of the 
system.  
  
Figure 3.7 Left: Comparison of TPReaction experiments for lean methane oxidation (1000 ppm CH4 and 2 vol-% O2) at 1 (black 
lines) and 4 atm (blue lines) before (solid lines) and after (dashed lines) the degreening; Right: Corresponding simplified Arrhenius-
plots. 
 
As can be seen in Figure 3.7 (left) the effect of the treatment with water can be mainly identified 
in the change in activity of the sample. The light-off temperature seems to be unchanged, whereas 
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the activity shows a loss of around 5-10 % at 500°C. This experiment signals the inhibitory effect 
of the water steam on the catalyst activity. Hence, future efforts should be made to identify the 
reason for this behavior.  
Taking a look at the apparent activation energies under different conditions (see Figure 3.7 right), 
it is remarkable that the addition of water increases the apparent activation energy, meaning higher 
temperature are required to reach higher reaction rates. The additional effect of the pressure is only 
slightly visible in presence of water (84.2 kJ mol-1 to 88.0 kJ mol-1), which can be a slight deviation 
of the value. Nevertheless, these experiments show the deactivation impact of water/hydroxyl 
groups on the catalyst surface and can explain the different results seen in comparison to the 
published work of Stotz et al.  
Influence of pressure on TPR experiments and activation energies in presence of CO2 
Under CO2 rich conditions carbonate species have been shown to adsorb on the catalyst surface, 
which can decrease the reaction rate of the catalyst. Hence, further experiments were performed in 
presence of 10 vol-% CO2. These experiments were compared to experiments in the absence of 
additional CO2 (1 and 4 atm). The following figures show the results of the TPReaction 
experiments and the Arrhenius plots of these experiments. 
  
Figure 3.8 Left: Comparison of TPReaction experiments for lean methane oxidation (1000 ppm CH4 and 2 vol-% O2) at 1 (black 
lines) and 4 atm (red lines) in absence of CO2 (solid lines) and presence of CO2 (dashed lines); Right: Corresponding simplified 
Arrhenius-plots. 
 
The general observation in Figure 3.8 is the negative effect of the CO2 present in the system. The 







100  1 atm
 1 atm, CO2
 4 atm






























 1 atm 68.1 kJ mol-1
 1 atm, CO2 81.8 kJ mol
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 4 atm 86.8 kJ mol-1
 4 atm, CO2 104.0 kJ mol
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shows a small delay in the ignition of the reaction. The formation of carbonates on the catalyst 
surface and the blockage of active sites by these carbonates has previously been discussed and is a 
well-known phenomenon31. In any case, it is known that carbonate and the similar formate species 
have been discussed by DRIFTS studies to adsorb on both the support and the active site originating 
from adsorbed CO or CO2
60–67. Hence, the identification of the changed activity of the catalyst can 
be dedicated to these found surface species. 
In addition to the TPReaction plots, the apparent activation energies are calculated from the 
Arrhenius plots (see Figure 3.8 right). The apparent activation energies were observed to increase 
with the presence of CO2 in the reaction atmosphere. This effect is shown to be more pronounced 
at elevated total pressures, as the difference in activation energies from experiments with and 
without CO2 in the feed is higher than in the case of the atmospheric pressure experiment.  
Influence of pressure on reaction orders at various temperatures 
Following this evaluation, steady-state measurements were carried out to obtain the reaction order 
for methane at varying temperatures and total pressures. The “reaction rate” of a reaction describes 
the consumption of reactant per unit time or the formation of the product per unit time. The 
“reaction order” of a reaction describes the relationship between the reaction rate of a reaction and 
the concentration of reactants. The reaction order defines how the reactant concentration is 
affecting the reaction rate. In this case, the order of the reaction of methane to CO2 is a first order 
reaction, which means that the rate is only dependent on the concentration of one reactant (here 
methane), even in presence of other reactants (here oxygen). 
The experimental values for the reaction order are shown in Figure 3.9 at various temperatures 






Figure 3.9 Experimental reaction orders for lean methane oxidation (400-1600 ppm CH4 and 2 vol-% O2) at 350°C (upper left), 
400°C (upper right) and 450°C (bottom) and 1 (blue), 2 (red), 3 (purple) and 4 (yellow) atm. 
 
From Figure 3.9 the impact of the pressure on the reaction order and dependence on the pressure 
is visible. While at low temperatures (350°C) an increased total pressure seems to decrease the 
reaction order, at higher temperatures (above 400°C) an increased total pressure leads to an 
increased reaction order reaching unity (at 450°C). Generally speaking, the reaction order values 
are in range with published values of 0.7 to 1.1 for methane combustion reactions at varying 
methane concentrations68,69, which underlines the first-order nature of the reaction itself. In general, 
the impact of increased total pressure on the reaction order is less pronounced at high temperatures 
compared to low temperatures. The lower reaction order at 350°C can arise from the coverage of 















































Pd/Al2O3 in the Combustion of Methane 
98 
 
the surface with poisoning species as previously mentioned. The coverage of the most abundant 
surface species through the coated monolith, according to the multiscale kinetic model, are shown 
in the appendix of this report. At 350°C a significantly increased coverage of hydroxyl species and 
adsorbed water is displayed through the monolith, especially at higher total pressures. Product 
inhibition has previously been studied where water and carbon dioxide have a negative impact on 
the conversion of methane over Pd/Al2O3 catalyst
31,70,71, which is in good agreement with the found 
observations. 
4. Conclusion 
For this work, a well-established catalyst material for the total combustion of methane was used to 
investigate the total pressures effect on the oxidation of methane. In the first part of the 
characterization, general features of the catalyst were investigated to compare to already published 
works to guarantee the presence of the expected material. Nitrogen physisorption, ICP-OES and 
chemisorption measurements were used to verify these properties. In addition to their use in a 
comparison to established catalyst materials, the obtained values were used for the simulations 
carried out in the scope of this work.  
This study indicated that the total oxidation of methane over a Pd/Al2O3 catalyst is affected by the 
total pressure of the system. Particularly at dry conditions, fixed molar flows, varying space 
velocities, an increased total pressure can have a positive influence on the activity of the catalyst. 
However, the enhanced activity obtained in conjunction with increased apparent activation energies 
at increasing total pressures (from 68 to 90 kJ/mol at 1 and 10 atm, respectively) underlines the 
requirement of increased temperatures to overcome the established energy barrier due to blocked 
active sites by adsorbed species. This observation was highlighted by the obtained reaction orders 
at three different temperatures (350°C, 400°C and 450°C). At low temperatures (350°C) the 
reaction order decreased with increased total pressures, whereas higher temperatures (from 400°C) 
lead to higher reaction orders with increased total pressures suggesting an increased reaction rate. 
To understand in detail the effect of adsorbed species on the surface, further experiments with CO2 
in the gas feed and a treatment with gaseous water were performed. The presence of 10 vol-% CO2 
resulted in a negative impact to the activity of the catalyst, which was even more pronounced at 
elevated pressures. Along with the activity, the apparent activation energy of the reaction increased 
significantly, which can be explained by blocked active sites by carbonates and formate species, 




(DRIFTs) results under ambient conditions60–67. In addition, the treatment of water showed a 
negative impact on the activity, even though an established pretreatment method was performed 
prior to each experiment. The results in presence of water in the system can explain the 
controversial results to the published works of Stotz et al.56, where a negative impact of increased 
total pressures was recorded. 
In summary, the presence of CO2 and water in the reaction closely resembled the simulated results 
at low temperatures (below 370°C). At high temperatures however, the simulated results seemed 
to overestimate the activity due to an interplay of fast intrinsic kinetics and reduced internal mass 
transport resistance (further explained by Weisz modulus in Appendix). Nevertheless, the general 
trend between the experimental and simulated results was comparable, which underlines the utility 
of this model for first-principle studies to predict essential kinetic variables of a reaction.  
Future studies for reactions under pressure can focus on the surface species formed during this 
reaction. To this end, DRIFTs can be coupled to the pressured system (already present at the labs 
of Chalmers University of Technology, Gothenburg, Sweden) and different reaction conditions can 
be probed under higher total pressure conditions. Furthermore, different catalysts and different 
catalytic reactions can be investigated. By this, the performance and also the reactions occurring 
on the surface of a catalyst can be captured from a different perspective to understand both the role 
of active sites and also surface species in a more controlled manner. 
5. Appendix 
Apparent activation energy 
The apparent activation energies in this work were calculated using data points in a range of 5-10 % 
conversion. To do so, the natural logarithm of the conversion was plotted against the reciprocal 
temperature and finally a linear regression was performed in the aforementioned area. The 
following equation describes the relation of the slope (𝑚) from this plot and the apparent activation 
energy (𝐸𝑎) using the gas constant (𝑅): 








Figure 3.10 Arrhenius-plot of TPReaction experiment for lean methane oxidation (1000 ppm CH4 and 2 vol-% O2) at 1 atm total 
pressure with indicated linear regression (red line) performed in the range of 5-10% conversion.  
 
In Figure 3.10 the slope of the linear regression was calculated to be -8194.98 K, which allowed 
the following calculation using the gas constant (8.3145 J K-1 mol-1) to arrive to the apparent 
activation energy: 











The Weisz-modulus describes internal mass diffusion limitations. By understanding the diffusion 
limitations of a reaction, an estimate of the reaction rate can be made. Hence in the following 
Figure 3.11, the Weisz modulus for the reaction at inlet conditions dependent on the temperatures 
(350 to 450°C) and pressures (1 to 10 atm) is presented. The values for the Weisz modulus were 
obtained using the effective diffusion from the multiscale model (standing for the temperature and 
total pressure changes) and the reaction rate. The used reaction rates are simulated, as above 350°C 
an assumption for differential conditions of experimental results cannot be made. Due to negligible 
external mass transport limitations, the methane concentration at the catalyst surface was 
approximately set equal to the inlet bulk concentration. A 30 μm thick layer of catalyst material 























Figure 3.11 The Weisz-modulus (Φ) simulated at varying temperatures and pressures. Internal mass transport effects the 
experimental reaction whenever the Weisz-modulus close to or above 1 (all data provided from doctoral thesis of Carl-Robert 
Florén). 1 
 
When the pressure of the system is low and the temperatures are increased, an increased internal 
mass transport resistance is visible (see Figure 3.11). However, increasing the total pressure leads 
to decreased internal diffusion resistance. This effect can be explained by the greater increased 
surface methane concentration rather than a high reaction rate at increased total pressures. As seen 
here, the Weisz-modulus is low under investigated conditions (for 350 to 450°C and 1 to 10 atm, 
the Weisz-modulus is below 1), which means that internal mass transport will not affect the reaction 
rate. The results for the Weisz-modulus explain the small changes between 3 to 10 atm. The 
methane concentration gradient inside the porous wash-coat can be considered to be reduced, as 
the Weisz-modulus decreases in a correlated manner to an increased surface methane 
concentration. For this reason, it can be assumed that the system is influenced to a higher degree 
by kinetics, which ultimately means that the reaction rate of the system is dependent on a 
combination of kinetics and internal mass transport rates.  
Surface species present on the active sites of the catalyst dependent on temperature and pressure 
To explain the impact of adsorbed surface species in the activity of the catalyst dependent on the 
total pressure of the system (1, 2, 3, 4 and 10 atm) and temperatures (350°C, 400°C and 450°C), 
different adsorbates (hydroxyl, water, bicarbonate and hydrogen) and surface sites (Pd and O) were 
considered when the following simulations were performed.  




Figure 3.12 Coverage of hydroxyl (OH), water (H2O), bicarbonate (HCO3) and hydrogen (H) in the monolith at 350 (left column), 
400 (middle column) and 450°C (right column) and 1(blue), 2 (red), 3 (purple), 4 (yellow) and 10 (black) atm. All reported surface 
species, except hydrogen, are adsorbed on the palladium atom (S1(Pd)) while hydrogen is adsorbed on the oxygen atom (S2(O)) (all 
data provided from doctoral thesis of Carl-Robert Florén).1 
 
Generally speaking, the higher the temperature the lower the coverage of active sites by surface 
species can be seen. This effect is highlighted for bicarbonate species and adsorbed water at 
elevated temperatures. The higher the total pressure of the system, the steeper the adsorption 




occurring on the surface of the catalyst. These results are one reason why the model shows lower 
activities at low temperatures but should not be considered as the only reason. The model does not 
take support effects into account, which can play an important role as an interface for higher 
reaction rates. Conversely, higher temperatures show remarkably lower coverages due to more 
frequent desorption events occurring on the catalyst surface. As hydroxyl species can either be 
formed by the dissociation of water onto S2(O) sites or through a reaction in which CHX(X=1-3) 
releases a hydrogen to the S2(O) site, the coverage of hydroxyl species is not affected by the 
temperature change from 350 to 400°C in comparison to other surface species. The hydrogen 
adsorbed onto the S2(O) site arrives from the break of a C-H-bond, after a CHX (X=1-4) adsorbs 
on a S1(Pd) site followed by a hydrogen dissociation.  
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Chapter IV: Electrocatalytic Reduction of CO2 over Copper 
Catalyst 
Abstract 
One way to decrease greenhouse gases in the atmosphere and thus to reduce the increase of global 
mean surface temperature is the capture of CO2 and reduction of it to useful products. This can be 
obtained electrochemically, reducing CO2 over the surface of an electrocatalyst in an electrolyte 
by applying a potential to it. The aim of this work is to establish a catalyst made of Cu plates 
assembled out of small nanoparticles, which is combined with Au to obtain energy rich C2/C3 
products (products containing two or three carbon atoms) via electrochemical reduction of CO2. A 
range of samples (pure Cu, different Cu:Au ratios and pure Au) are synthesized by combining 
chemical deposition and electrochemical in-situ reduction methods to obtain the final porous films 
on a titanium substrate. The focus is set on the activity but also the selectivity of the products by 
tuning the catalyst composition (different Cu/Au ratios) and morphology (such as porosity).  
1. Introduction 
Our environment is facing a global warming crisis, in part due to a range of greenhouse gases in 
the atmosphere. In the last decade the emission of around 100 billion metric tons of fossil-fuel 
carbon sources were recorded with a steadily increasing trend1. The main contributor to this carbon 
emission is CO2, a greenhouse gas, confirmed to cause global warming
2–5. The reduction of CO2 
in the environment is crucial and can either be achieved via the reduction of emissions in fields 
where fossil-fuels are used in large quantities or by capturing the emitted CO2. A major contribution 
in the last years was given by Lackner and co-workers6, who were able to fabricate a so-called 
artificial tree, capable of binding the CO2. The mechanism of this method depends on the used 
polymer strips which are coated with a resin that can bind the CO2 in the ambient atmosphere. The 
concentration of CO2 in the ambient atmosphere is of around 400 ppm, which is enough for the 
artificial trees to adsorb a large amount. Once the greenhouse gas is attached to the resins via 
chemical bonding, the trees are dipped in a container filled with water, which allows a moisture-
induced desorption of the CO2 into water forming carbonates and bicarbonates. By this method, 
the CO2 captured from the atmosphere can be stored and further processed.  
A method of processing CO2 in such a form can be the electrochemical reduction of CO2. This 
process involves the presence of CO2 in an electrolyte allowing a catalyst at the cathode, which 
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once a potential is applied, to reduce the CO2 into a diverse range of gaseous (such as carbon 
monoxide7, methane8 and ethylene8,9) and liquid chemical compounds (such as alcohols10 and 
aldehydes11 containing one to three carbon atoms, C1-C3), which then can be used in bulk chemical 
(carbon monoxide with hydrogen for Fischer-Tropsch12 or Sabatier processes13) but also fuel 
related applications (internal combustion engines powered by methanol/ethanol14). However, it is 
crucial to consider green energy (from solar energy or wind power) as a powering source to 
guarantee a carbon budget with a zero net-emission of CO2. Once the chemicals or fuels are 
obtained, they can be utilized, producing CO2 as an end- or side-product, which can be brought 
back into the circle after capturing it from the atmosphere or directly sending the side-product of 
the process to an on-plant electrochemical cell. By this, an indefinite recycling of CO2 can be 
carried out allowing for net zero emissions which can contribute to the regulation of CO2 in the 
atmosphere. The following scheme summarizes this information in the so-called CO2-cycle.  
 
Figure 4.1 Illustration of a carbon neutral cycle involving green energy to power electrocatalytic reduction of CO2 to form fuels 
for combustion to form CO2 and close the cycle.  
 
Recent research studies on the electrochemical reduction of CO2 are based on the usage of different 
transition metal catalysts15 (such as copper16, gold17,18, silver19, and platinum20) as a working 
electrode material, of which copper has been utilized since works of Hori et al.16 for the high 
activities and controllable selectivities of the formed products. Most of the time, the Cu was used 
as nanoparticles (NPs) or as a nanoparticulate deposition on a substrate, enabling a large surface 
area and high porosities, which are correlated to a high number of active sites and with this 
enhanced activities. In a study of Wang et al.11 the high porosity of the Cu electrode materials was 




concluded in decreased HER whereas the reduction of carbon monoxide (CO, a known 
intermediate/final product of the CO2 reduction
21) could be increased. In addition, alloys of copper 
(with silver9 or gold10,22) have been proved to enhance the activity but also the selectivity of the 
catalyst. In these materials, the silver/gold surface allows the reduction of CO2 to CO molecules, 
which are subsequently spilled over to the copper surface during a simultaneous charge transfer 
from copper to silver at the interface of the domains, resulting in the sequential adsorption of the 
CO molecules onto the copper surface and finally leading to the coupling of these molecules to 
form hydrocarbons of two to three carbon atoms. 
Taking this state-of-the-art knowledge into account, a simple yet effective chemical deposition 
approach coupled with an in-situ electrochemical reduction was used to prepare a diverse range of 
porous copper materials deposited on a titanium substrate. In the chemical solution deposition 
(CSD) technique23 the precursors of the reaction are dissolved in a solvent, which, when heated, 
will result in the formation of the desired product23 on a flat substrate. In the case of electrochemical 
reactions, a conductive substrate was chosen to deposit the material, to guarantee an 
electrochemical interaction of the product with the dissolved reactants. The choice of precursor and 
substrate defines the homogeneity of the film deposited on the substrate24. In addition, the 
interaction between precursor and substrate surface can lead to stronger or weaker attachments of 
the formed layer24. In some cases, a pretreatment to clean or roughen the surface may be necessary, 
which can be obtained via wet-chemical methods (acids, bases25) or by mechanical treatments (for 
example sand blast method26), to enhance the attachment of the films. The obtained sample can be 
further treated by heat or have a current/potential applied to form the final active material. This 
method to design metallic oxide films is very flexible, which can be further reduced to metallic 
materials if necessary23,27. 
The in-situ electrochemical reduction method can be used as a further treatment after any 
deposition technique on a conductive substrate27,28. The film (usually a metal oxide film) can be 
further reduced by electrochemical treatments: applying a potential to the system up to the metals 
standard electrode potential E0 will lead to its reduction27. This standard electrode potential arises 
from the thermodynamics of a system, which in most cases is a well-known value. The values 
found in literature are calculated relative to the standard hydrogen electrode. The following table 
shows the standard electrode potential of selected metal reactions29.  
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Table 4.1 Standard electrode potentials for selected metal reactions. 
Reaction Standard Electrode Potential 
E0 /V 
Au = Au3+ + 3e- +1.50 
Pt = Pt2+ + 2e- +1.20 
Pd = Pd2+ + 2e- +0.99 
Ag = Ag+ + e- +0.80 
Cu = Cu2+ + 2e- +0.34 
 
The electrochemical in-situ reduction can be performed using different methods: performing cyclic 
voltammetry (cycling a potential range on the working electrode), chronopotentiometry (applying 
a constant current to the working electrode) or chronoamperometry (applying constant potential to 
the working electrode). Depending on the technique used, the composition of the metal oxide layer 
and the substrate, the reduced film can be attached to the substrate in a more stable and strong 
manner. When applying a constant potential to the system, the dissolution and subsequent 
redeposition of the metallic film is possible. This can lead to the restructuring of the film surface, 
which can enhance a catalysts activity due to increased porosity27. The in-situ reduction method 
can be used to reduce metal ions from the electrolyte solution and deposit these on the electrode 
surface30. The driving force in this case is the attraction of the ions by the negatively charged 
substrate surface. Depending on the applied potential and nature of electrolyte, this deposition can 
be kinetically controlled. In addition, the choice of metal salt in solution can influence the result of 
the deposited layer: the salt needs to be soluble in the electrolyte and must not react with it to form 
precipitations. 
The here prepared samples ranged compositionally from pure Cu, over a combination of Cu and 
small amounts of Au, to pure Au. All samples were produced using the in-situ reduction method to 
have similar morphological structures to compare. The addition of Au to Cu-systems was chosen 
to identify how the interface of both domains can affect the activity and selectivity for the CO2 
reduction. The added amount of Au to the system was kept in a small range, as studies of Morales-
Guio et al.10 showed that lower Au contents on a Cu surface can reduce sintering of Au domains to 
result in more Au-Cu interfaces, which are recognized to be active. In addition to the bimetallic 




experimental method possesses the ability of structuring the catalyst surface with a high level of 
porosity27 allowing a higher number of active sites on the catalyst surface and increasing the 
selectivity towards CO2 reduction instead of HER as shown by Wang et al.
11 
2. Experimental Methods 
Chemical solution deposition of copper(II) oxide films 
The here used method was adapted from a previously published work by Shinde et al.27 with slight 
modifications. To deposit copper(II) oxide (CuO) on a titanium substrate, 1 mmol copper(II) 
chloride dihydrate (CuCl2·2H2O, Sigma-Aldrich) was dissolved in 35 mL water, and 1.5 mL 
ammonia solution (30%, Sigma-Aldrich) was added, which made the color turn from turquoise to 
dark blue due to the formation of copper-ammine complex. Then a piece of titanium plate (1.5 x 6 
cm, 0.127 mm thickness, 99.7% purity, Sigma-Aldrich) was inserted into a glass vial (40 mL vial) 
containing the precursor solution. Milli-Q water was added until the neck of the vial was reached 
(total volume of around 40 mL). The cap of the vial was fastened, and the solution was heated up 
in a steel block on a hot plate to 90°C for 2 h. Subsequently, the substrate was washed carefully 
with Milli-Q water.  
Electrochemical in-situ reduction of CuO films  
After the deposition, an area of 1 cm2 of the CuO film was kept on both sides of the substrate (1 cm 
x 1.5 cm) by scratching off the rest of it with a scalpel. The as-prepared sample was transferred 
into an electrochemical cell equipped with a three-electrode system coupled with Ivium potentiostat 
(Compactstat). A platinum wire acted as a counter electrode, while Ag/AgCl (3.8 M KCl) was used 
as a reference electrode. The substrate with the CuO film was attached to a conductive clamp to 
act as the working electrode. All three electrodes were immersed in a 1 M sodium hydoxide 
electrolyte solution (NaOH,Sigma-Aldrich) paying attention that the clamp of the working 
electrode did not contact the electrolyte solution, but rather the whole area of the CuO film being 
covered in it. Then a chronopotentiometric (CP) measurement with an applied current of -5 mA for 
30 min was carried out to slowly reduce CuO to Cu, followed by a 15 The washed samples were 
used for electrochemical CO2 reduction studies. 
In addition to pure Cu films, a small amount (0.9 and 1.8 at%) of Au was electrodeposited on the 
formed Cu films (samples labeled as CuAu 0.9 at% and CuAu 1.8 at%, respectively). To do so, a 
1 mg mL-1 solution of sodium tetrachloroaurate(III) dihydrate (NaAuCl4·2H2O purchased from 
Sigma-Aldrich) was prepared, of which 83.5 μL and 167 μL were used to prepare a sample with a 
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gold amount of 0.9 at% and 1.8 at%, respectively. The gold precursor was added after CP 
measurements. Additionaly, pure Au samples were prepared by immersing a titanium plate into the 
electrolyte solution with an area of 1 cm2 followed by an in-situ reduction (applied potential of -
1.2 V) of the previously mentioned gold-precursor (NaAuCl4·2H2O) in NaOH to reach an 
estimated gold deposition amount of 1.3 mg. The following scheme summarises both procedures 
used to obtain the final materials. 
 
Figure 4.2 Schematic description of the sample preparation. First the chemical solution deposition (upper part) followed by the 
electrochemical in-situ reduction to obtain pure Cu, pure Au and different Cu:Au ratio samples. 
 
Electrochemical CO2 reduction  
The electrochemical reduction of CO2 over the synthesized catalyst was performed in an 
electrochemical two compartment H-cell purchased from Pine Research and a potentiostat from 
Princeton Applied Research (PARSTAT 2273). The two compartments of the glass cell were 
separated by a Nafion® 117 membrane (purchased from Sigma-Aldrich) to avoid formed products 
in the cathode compartment diffusing to the anode compartment and getting oxidized. The 
membrane of size ~4 x 4 cm is pretreated prior to usage in the two-compartment electrocatalytic 
cell. To do so, the membrane is firstly boiled in a 5% hydrogen peroxide (H2O2, purchased from 
Sigma-Aldrich) solution (80°C), then in deionized water (80°C), in a 0.05 M sulfuric acid (H2SO4, 
purchased from Sigma-Aldrich) solution (80°C) and finally again in deionized water (80°C). The 
electrolyte used in this reaction was a 0.1 M potassium bicarbonate (KHCO3, purchased from 
Sigma-Aldrich) solution. To have comparable results and avoid the formation of bubbles at the 




experiment, keeping the reaction of the temperature at 25°C. The following scheme describes the 
used electrochemical two-compartment cell setup. 
 
Figure 4.3 Schematic description of the used electrochemical two compartment cell for the electrochemical reduction of CO2. 
 
All the potentials are reported versus the reversible hydrogen electrode (RHE) scale, which were 
converted using the following formula: ERHE = Eobs + EAg/AgCl + (0.0591 · pH), where EAg/AgCl has 
a value of 0.199 V vs SHE. 
The CVs were measured in the presence of Ar and CO2 (after saturating the electrolyte for 30 min 
with each gas) at a scan rate of 10 mV sec-1 in a range of 0.1 to -0.6 V vs RHE. 
Chronoamperometric measurements to reduce CO2 were carried out at two different potentials 
(-0.3 and -0.4 V vs RHE), which were chosen from the CVs in the presence of CO2 to increase the 
possibility of formation of liquid products in the electrolyte. During the time of writing, the gas 
chromatograph to identify gaseous products was out of order, whereas the liquid products were 
identified using nuclear magnetic resonance spectroscopy (NMR). The used method will be 
described in detail in the next subsections.  
The Faradaic efficiency of a catalyst is described by the charge delivered to a system to facilitate 
the electrochemical reaction to form a certain product31. Taking the electrochemical CO2 reduction 
as an example, the following equation can be used to describe the faradaic efficiency of the catalyst: 
 𝐹𝐸% =  
𝑧𝑖 ∙ 𝑛𝑖 ∙ 𝐹
𝑄
 (4.1) 
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In this equation 𝑧𝑖 describes the number of electrons necessary to form 𝑛𝑖 moles of the product. 𝐹 
is the Faraday constant with 96485 C mol−1 and 𝑄 the total charge in Coulomb passed through the 
electrode during the period of electrolysis. As an example, to form formate from CO2, the reaction 
requires two electrons, hence 𝑧𝐹𝑜𝑟𝑚𝑎𝑡𝑒 is 2, while the formed amount of 𝑛𝐹𝑜𝑟𝑚𝑎𝑡𝑒 moles needs to 
be determined by post reaction analysis methods.  
Electron microscopy  
Scanning electron microscopy (SEM) analysis of the samples was performed using a Helios 
Nanolab 600 DualBeam microscope (FEI Company) with 5 kV and 0.2 nA as measurement 
conditions. The sample was fixed using a carbon tape and analyzed. For the mapping of the Cu-
samples with small amounts of Au (1.8 at%), additional EDX-analysis was performed.  
To perform high resolution transmission electron microscopy experiments on the CuAu 1.8 at% 
sample, a selected area electron diffraction (SAED) analysis and energy dispersive X-ray 
spectroscopy (EDX) were performed on a JEOL JEM 2200FS microscope equipped with a 
Schottky emitter operating at 200 kV, a CEOS spherical aberration corrector for the objective lens, 
an in column energy filter (Omega type), and a Bruker Quantax 400 EDS system with an XFlash 
5060 detector. To perform the measurements, a Nickel mesh grid was used to drop the solution 
after sonicating a small amount of the sample in ethanol for 3 h.  
The samples were further analyzed via high angle annular dark field (HAADF) scanning TEM 
(STEM). Images were collected using a FEI Tecnai G2 F20 TWIN TMP with a Schottky emitter 
operated at 200 kV. The EDX analyses have been acquired using a Bruker XFlash 6|T30 silicon-
drift detector (SDD), with 30 mm2 effective area. 
Nuclear magnetic resonance spectroscopy  
Nuclear magnetic resonance spectroscopy (NMR) was performed on each electrolyte sample 
acquired at different potentials for each sample to identify and quantify the formed liquid products 
by using a Bruker AvanceIII 600 MHz spectrometer equipped with 5mm QCI cryoprobe. 5 mm 
disposable tubes for Sample-jet were employed, each filled with 500 µL of solution (containing 
10% of D2O for the lock engaged, purchased from Sigma-Aldrich). Before acquisition manual 
matching and tuning, and automatic resolution optimization were performed on each sample tubes 
along with a manual optimization of the 90° pulse, the offset (O1) and the power level for the pre-




64K complex data points and 30 s of a relaxation delay, over a spectral width of 20.03 ppm. An 
exponential apodization function equivalent to 0.3 Hz was applied to the Free Induction Decays 
(FID) before Fourier transform. Spectra were referred to a trimethylsilyl propionate (TSP) signal 
set at 0.00 ppm. The pH of each solution was measured for a water-signal suppression, which was 
carried out on each sample manually. The quantification was performed using a PULCON external 
standard method compared to a standard solution of dimethyl sulfon (4.5 μM) prepared from a 
powder. The limit of detection for each compound was 1 μM, whereas the limit of quantification 
was assumed to be 10 μM.  
3. Results and Discussion 
To have a better comparison amongst samples, the used synthesis methods and materials were kept 
constant. Hence, the pure gold sample was synthesized electrochemically in-situ as with the other 
samples. The as-prepared samples were further analyzed via different electron microscopy methods 
to see structural differences and also to understand how the gold is distributed on the copper in the 
case of the samples obtained after in-situ reduction of Au on as-synthesized Cu films.  
As a first comparison method. HR-SEM images were acquired to gain an insight in the sample’s 
porosity and morphology. The following image shows HR-SEM images of all prepared samples.  




Figure 4.4 HR-SEM images of each sample (upper left: pure Cu, upper right: CuAu 0.9 at%, lower left: CuAu 1.8 at%, lower right: 
pure Au) with embedded higher magnification images.  
 
As seen in Figure 4.4, the samples were obtained via chemical solution deposition with subsequent 
in-situ electrochemical reduction (for pure Cu, CuAu 0.9 at% and 1.8 at%) and displayed a slightly 
rougher surface compared to the pristine Cu sample. All mentioned samples are composed of sheet-
like structures comparable to the published results of Shinde et al.27 In contrast to these results, the 
electrochemical in-situ reduction of the gold solution resulted in a fern-like structure, which is 
similar to dendritic gold. Yet the difference to dendritic gold can be found in the more ordered 
structure of the here synthesized material. Generally, the pure gold samples were made of larger 
structures (around 2-4 μm in length) compared to the Cu-samples, which are composed of smaller 
(1 μm in length) structures.  
To gain an in-depth understanding on the distribution of gold on the copper samples, the CuAu 
1.8 at% sample was taken as an example and was further investigated via HR-SEM-EDX, STEM-
EDX and HR-TEM-SAED mapping.  





Figure 4.5 HR-SEM EDX on Cu 1.8 at% Au sample. Image of Au-dendrite on Cu sheets (left) and mapping of Cu and Au (centre) 
with overlapped mapping (right) (all scale bars in 1 μm). 
 
Figure 4.5 shows the morphology of the sample, which is composed of the sheet-like Cu structures 
with additional dendritic formations of Au, clearly distinguishable by the overlapped mapping seen 
on the right-hand side of this figure. These dendritic formations differ from the pure gold sample 
shown before, as in that case the structures seemed more organized and larger than the here 
obtained dendrites by a couple of hundred nanometers. In addition, from the Au mapping in the 
center of Figure 4.5 it can be assumed that additional nanosized Au is present inside the Cu sheet 
structures. Hence, a further investigation with STEM-EDX is required to identify smaller 
structures, which are not visible with the used HR-SEM-EDX technique.  
The following images show the dark field image obtained using the STEM-EDX technique on the 
CuAu 1.8 at% sample. In addition, EDX-mapping was performed to identify elements in the 
structure.  
 
Figure 4.6 STEM-EDX mapping of CuAu 1.8 at% sample (all scale bars in 100 nm) with atomic ratios (right bottom). 
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As seen in the dark field image of the sample in Figure 4.6 (left) the structure of interest was a 
couple of hundred nm large and showed small clusters (around 50 nm) of a brighter colored 
elements. EDX-mapping revealed that these clusters consist of Au (see mapping in Figure 4.6). 
The Cu:Au ratio was with 95.2:4.8, higher than expected, which can be due to the poor distribution 
of Au on the Cu-sample and more specifically the clustering into dendritic shapes on the catalyst 
surface. Surprisingly, in addition to Cu, Au, Ti and O (Ti and O from the Ti substrate capable of 
forming TiOx particles on the Cu surface
27), traces of Al were found on the sample surface (see 
mapping but also table on atomic ratios in Figure 4.6). This Al can derive from the used glassware 
to synthesize the material (the experiment was performed in borosilicate glass), which can be 
etched due to the usage of the alkaline electrolyte (1 M NaOH)32. Due to the porosity of the sample, 
the deposition of Al on the surface can be facilitated. This Al on the catalyst surface can influence 
the catalytic activity by forming oxides and hence requires further attention. Further analysis on 
the Cu-sheets (see STEM dark field image in Figure 4.7 left), showed that the sheets were 
composed of smaller Cu particles.  
 
Figure 4.7 STEM dark field image (left) and HR-TEM image (centre). Yellow rectangle in HR-TEM image shows presence of Au 
(110) phases (right, bottom) for CuAu 1.8 at% sample. Other parts of Au clusters give polycrtysalline structures as seen in diffraction 
pattern (right, top).  
 
Focusing on the clusters composed of Au nanoparticles (see central image of Figure 4.7), the sizes 
of these particles can be estimated to be around 5 nm (also confirmed by their diffraction rings on 
the right-hand side of Figure 4.7). In addition, the Au clusters show diffraction of polycrystalline 




Generally speaking, the sample seems to contain large parts of Cu, Au, CuO and Cu2O which were 
identified by their diffraction pattern (see Figure 4.8).  
 
Figure 4.8 Diffracttion rings obtained via HR-TEM for CuAu 1.8 at% sample. Left: Diffraction rings for Cu and Au (corresponding 
to a large thick aggregate of several microns); Right: Diffraction rings of Cu, CuO and Cu2O (corresponding to smaller aggregates 
and edges). 
 
The larger aggregates gave mainly polycrystalline Cu and Au diffraction rings (left-hand side of 
Figure 4.8) whereas edges and smaller aggregates revealed mainly Cu, CuO and Cu2O diffraction 
rings (right-hand side of same figure). This result signals that the surface of the material contains 
oxides, whereas the core is composed of metallic Cu. The oxides on the surface on the catalyst can 
influence the activity and selectivity of the catalyst33–35 both positively and negatively, while at the 
same time the polycrystallinity36,37 can have a positive or negative impact on the activity and 
selectivity, due to different mechanisms on different pathways38–43.  
After analyzing the morphology and composition of the synthesized catalysts, CO2 reduction 
reactions (CO2RR) were performed on each catalyst. Due to limited time, two potentials were 
chosen for the investigation (-0.3 and -0.4 V vs RHE). Prior to each experiment a CV was 
performed after bubbling Ar for 30 min and after bubbling CO2 for 30 min into the electrolyte (the 
results can be found in the Appendix of this chapter). The following graphs show the results of the 
chronoamperometric measurements performed on each catalyst. 
  





Figure 4.9 Chronoamperometric measurements for CO2 reduction in presence of 0.1 M KHCO3 at -0.3 (black dots) and -0.4 V vs 
RHE (red dots) for pure Cu (upper left), CuAu 0.9 at% (upper right), CuAu 1.8 at% (lower left) and pure Au sample (lower right).  
 
The chronoamperometric results in Figure 4.9 show comparable results in the current density for 
each sample. At -0.3 V vs RHE, the current density of the catalyst reaches -0.8 to -1.0 mA cm-2. 
For an applied potential of -0.4 V vs RHE the current density varies from -1.6 mA cm-2 (in case of 
pure Cu and CuAu 0.8 at%) to -1.1 mA cm-2 (in case of pure Au). In addition, the pure Au sample 
seems to be less stable compared to the other samples, reflected by the current density (especially 
at -0.4 V vs RHE) where it decreases over time to the current density at a potential 
of -0.3 V vs RHE. The first three experiments (-0.3 and -0.4 V vs RHE for pure Cu 
and -0.3 V vs RHE for CuAu 0.8 at%) show a fluctuating current, which appears to repeat 
periodically. This effect was correlated to the presence of bubbles at the tip of the reference 
electrode when the stirring rate of the magnetic stirring bar was at 400 rpm. When the stirring speed 
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was increased (every following experiment was performed at 600 rpm) this effect disappeared. 
Nevertheless, the average current density was not affected in a significant manner by this effect.  
As the gaseous products could not be analyzed due to the missing gas chromatograph during the 
time of the experiments, a focus was set on the possible formed liquid products identified and 
quantified via NMR analysis. Preliminary results on NMR analysis suggested the presence of 
different products in the liquid phase. The main compounds found in the liquid phase were formate, 
glycerol and ethanol. To exclude possible contaminations from the environment or the used 
equipment (for example due to the Nafion membrane used) a control experiment with a blank 
titanium substrate as a working electrode was performed and analyzed. The NMR analysis verified 
the absence of all previously mentioned products (see comparison of NMR spectra for one sample 
and blank sample in the appendix of this chapter). 
The following graph shows the Faradaic efficiency (FE%) for each formed product and each 
sample at two different potentials. 
 
Figure 4.10 Faradaic efficiencies for all quantified products (formate, glycerol and ethanol) obtained by the samples (pure Cu, 
CuAu 0.9 at%, CuAu 1.8 at% and pure Au) at -0.3 V and -0.4 V. All potentials vs RHE. 
 
As seen in Figure 4.10, the overall Faradaic efficiency (FE) for the formed products reaches a 
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to published values (of at least 5% FE per formed liquid product)10,18,44. However, a small 
difference between the amount of formed liquid products can be found in both, the applied potential 
and the used catalyst material. When the applied potential to the system was lower (at -0.3 V vs 
RHE), the amount of formed liquid products was almost double in case of pure Cu and CuAu 
1.8 at% when compared to the higher potential (-0.4 V vs RHE). This can be an indication that 
using lower potentials may lead to a further increase of the catalyst selectivity for C1-C3 liquid 
products. Nevertheless, in case of the other two samples (CuAu 0.9 at% and pure Au) this potential 
difference did not influence the number of formed products significantly. Overall, the amount of 
formate was negligibly low, whereas the amount of glycerol was more significant. One major 
difference in the results was the fact that only gold was capable of forming ethanol as a reduction 
product, whereas all other samples mainly formed glycerol. These results are surprising, as gold is 
known for the reduction of CO2 to CO, whereas the formation of larger carbon product molecules 
is negligibly small45–49. This outcome could have derived from the peculiar morphology of the gold 
electrode, which requires a further analysis via a variety of physico-chemical analysis techniques. 
Polycrystalline materials may expose a larger number of active sites with a certain preferred 
orientation, which can allow the catalyst to bind formed intermediate CO molecules with a different 
energy than Au (111) surfaces. These results should be examined carefully, as they are in a very 
preliminary stage of the experiments. Further analysis at higher and lower potentials and the 
additional analysis of gaseous products are crucial for a better overall comparison of samples and 
formed products. 
4. Conclusion 
To conclude this work, a porous Cu-catalyst material was synthesized via a chemical deposition 
method followed by an electrochemical in-situ reduction. In addition, small amounts of Au (0.9 
and 1.8 at%) were deposited on the present Cu surface using the same electrochemical method as 
stated before. Furthermore, a pure Au sample was obtained by using the electrochemical reduction 
method. All samples were analyzed for their morphology with a focus on the compositional 
structure of the CuAu 1.8 at% sample. Morphologically, the samples involving Cu were similar to 
each other, while the pure Au sample showed dendritically ordered structures, different from the 
smaller Au-dendrites identified on the CuAu samples. Diffraction patterns of different areas of the 
sample showed polycrystalline Cu and Au. In addition, CuO and Cu2O was identified to be mainly 




Cu-nanoparticles of around 5-10 nm. In the case of Au, the size of the formed particles was 
approximately up to 5 nm large.  
Each sample containing Cu gave similar results in chronoamperometric studies with low current 
densities of around -1.0 to -1.5 mA cm-2. The pure Au sample gave similar current densities but 
showed a decreased current over time at higher applied potentials. When comparing the Faradaic 
efficiencies of the formed liquid products, which were identified and quantified using NMR 
spectroscopy, a similar observation was made. Samples containing copper showed a smaller 
Faradaic efficiency for liquid products, whereas pure Au samples showed larger amounts of formed 
liquid products. Interestingly, the pure Au sample formed ethanol while in the other cases this 
product was not identified, which was a surprising result and requires further understanding and 
investigation of this outcome.  
The here shown results are from a preliminary study and require a further careful investigation. In 
general, the catalysts seem to be active in the electrochemical CO2 reduction, which encourages 
further analysis and improvement of the catalysts and performed experiments. A diverse range of 
general characterization methods, such as X-ray powder diffraction, are required to further 
understand the major phases present in the catalyst. ECSA or electrochemical double-layer (ECDL) 
measurements can give an insight to the active surface area of the catalyst under electrochemical 
conditions and can be used to normalize the obtained currents for a better comparability. As the 
formation of titanium oxide on the catalysts surface cannot be excluded (see in works of Shinde et 
al.27, but also in the STEM-EDX analysis shown before) the catalyst can be highly active for HER, 
which is an undesired side-product and should be suppressed to enable the catalyst to perform 
reduction of CO2 to C1-C3 products. A different substrate (e.g. carbon paper) can be used to 
decrease the hydrogen formation and increase the formation of other gaseous and liquid products. 
Preliminary experiments using this substrate for the Au-deposition showed similar structures 
obtained on the Ti-substrate and can be found in the Appendix of this chapter (see Figure 4.13). 
In addition, the investigation on the composition of gaseous products formed during the CO2 
reduction requires the usage of a gas chromatograph. It is an important tool to analyze and verify 
the Faradaic efficiency of the catalysts for specific gaseous products. Furthermore, lower potentials 
can be applied to the system to increase the C1-C3 formation and decrease the HER. Another 
possible method to improve the Cu-catalyst can be the usage of a fresh CuO-film deposited on a 
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Ti-substrate, which can perform differently (less hydrogen production and more gaseous/liquid C1-
C3 products) when compared to an in-situ electrochemically reduced sample. 
5. Appendix 
Cyclic voltammetry measurement of samples 
  
Figure 4.11 CVs of samples (pure Cu upper left, CuAu 0.9 at% upper right, CuAu 1.8 at% lower left, pure Au lower right) prior to 
each measurement performed in Ar (black dots) and in CO2 (red dots).  
 
In Figure 4.11 the CVs in presence of Ar (black lines) and CO2 (red lines) are presented. While in 
the presence of Ar the overall CVs seem not to be influenced at applied negative or positive 
potentials, in the presence of CO2 significant differences can be observed when comparing the pure 
Au and the Cu-containing samples. Applying a negative potential to the Cu-containing samples 
after bubbling CO2 for 30 min into the electrolyte shows a reduction of the oxides on the surface 
of up to -0.4 V vs RHE. In the case of pure Au, the reduction of the catalyst surface was not visible 
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due to gold being a noble metal with a higher redox potential which can lead to less or no oxides 
in the presence of oxidizing chemicals on the surface.  
NMR spectra of liquid products 
 
Figure 4.12 NMR spectra of the control experiment at -0.4 V vs RHE, pure Au sample at -0.3 V vs RHE, CuAu 0.9 at% at -0.3 V 
vs RHE and a sample spiked with authentic material (formic acid, ethanol and glycerol) from top to bottom, respectively. 
 
NMR analyses were performed to identify formed liquid products and were compared to a control 
experiment to verify that the products derive from the catalyst activity and not due to 
contaminations. As seen in Figure 4.12 the control experiment shows no peaks of formate, ethanol 
or glycerol, while those peaks can be found in both samples shown here (liquid products in 
electrolyte of experiment with CuAu 0.9 at% and pure Au sample). To verify the presence of the 
aforementioned products, the samples were spiked with additional formic acid, ethanol and 
glycerol and remeasured to see an increased signal rather than a different chemical shift.  
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Usage of carbon paper as a substrate for Au-deposition 
Prior to deposition of the Au precursor on the carbon paper (Toray paper 090, substrates of 
1 x 1.5 cm), a plasma treatment at 500 mTorr in O2 atmosphere was carried out for 20 min, 
followed by a 12 h treatment in a 3 M H2SO4 solution. The carbon paper was washed thoroughly 
with a sequence of deionized water, ethanol and deionized water and dried in a petri glass over a 
heating plate. The substrate was dipped in an electrolyte solution containing 100 μL (low 
concentration Au) and in a second experiment with 1300 μL (high concentration Au) of a 
1 mg mL-1 NaAuCl4 solution. The microscopic structure of each sample was compared by means 
of HR-SEM and can be found in the following images, respectively.  
 
Figure 4.13 HR-SEM images of Au deposited on carbon-paper with a low concentrated precursor solution (left, 100 μL) and high 
concentrated precursor solution (right, 1300 μL). 
 
As seen in Figure 4.13 the obtained sample differs depending on the Au concentration in the 
electrolyte. Smaller crystals with a narrow size distribution can be obtained by using low 
concentration of the precursor solution, whereas larger crystals, similar to those obtained on a Ti-
substrate require the usage of higher concentrated precursor-solutions. Nevertheless, this 
preliminary experiment shows that the method can be applied on another substrates than the Ti-
substrate and is highly dependent on the precursor concentration.  
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Chapter V: Summary and Perspectives 
In this PhD thesis, different catalytic approaches were used to reduce the emission and presence of 
greenhouse gases in the environment, which at a larger scale can help to tackle the global need of 
reducing these gases to decrease their impact on global warming. Utilizing metallic nanoparticles 
or nanoparticulate structures enabled us to employ these materials as catalysts for different 
heterogenous catalytic reactions, involving gas-phase and electrocatalysis.  
1. Porous Gold Catalysts from a Bottom-Up Approach for Oxidation Reactions 
The first project focused on the selectivity of catalytic reactions, which can be found in the bulk 
synthesis of products in industrial applications. As an example, the focus was set on the oxidative 
coupling of methanol to methyl formate over a gold catalyst, which involves carbon dioxide as a 
side-product, depending on the selectivity of the used catalyst. We used the very simple 
cryogelation approach to aim for a nanoporous gold structure via a bottom-up method, which 
resulted in porous gold structures, also called gels. In addition, we were able to show a simple way 
to decorate these porous structures with different add-metals (Ag, Ce, Cu and Pd) by simply 
dissolving the metal salts in the colloidal gold solution followed by cryogelation of the colloidal 
solutions to form the gels. Depending on the add-metal, different catalytic activities and 
selectivities were observed, which was explained using different surface and bulk analysis 
techniques based on the nature of the decorated metal (as an oxide or chloride) and its environment 
(clustering of the add-metal or a good distribution). In the second part of this project, sodium ions 
were found on the surface of the pre-assumed pure gold catalyst, which allowed the formation of 
intermediate species (such as carbonates or formates) in its presence, leading to unexpectedly high 
activities for the “pure gold sample”. Its absence instead led to inactivity of the catalyst, hence 
underlining the necessity of the add-metal to a pure gold system to obtain a highly active catalyst 
for the oxidative coupling of methanol to methyl formate.  
In the future, the here used synthesis method (cryogelation) can be further extended to acquire 
many different porous catalysts, using a diverse range of building units, varying in size, shape and 
composition (e.g. bimetallic particles, use of chemically different nanoparticles), to verify their 
activity in different catalytic reactions and investigate the dependency of the activity or selectivity 
of a reaction on the previously mentioned properties of the building units of the catalyst. 
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2. Total Pressure Effects on the Combustion of Methane on a Pd/Al2O3 Catalyst 
In this project, a well-established palladium catalyst was used to focus on the lean oxidation of 
methane at elevated total pressures to reduce the emission of methane due to slips in combustion 
engines, which consume natural gas as a powering source. After characterizing the synthesized 
material on its general properties and comparing those results to published values, the powder was 
wash-coated on a cordierite monolith. The catalyst was investigated on its activity in an in-house 
built reactor set-up, analyzing different kinetic properties (light-off temperature, activation energy 
and reaction order) of the reaction for the dependency on temperature (350 to 450°C) and total 
pressures (1 to 10 atm) of the system. A clear positive impact of increased total pressures on the 
activity of the catalyst (light-off temperature was reduced) was visible. However, due to adsorbed 
surface species occurring during the reaction, the activation energies increased with increasing 
pressures, signaling the necessity of higher temperatures to activate the catalyst. In agreement with 
that, at low temperatures the reaction orders for the methane concentration seemed to decrease with 
increased pressures, underlining the presence of blocked active sites with increased pressures, 
whereas at higher temperatures the opposite results for the reaction order were recorded. These 
results were additionally confirmed performing experiments in the presence of water and carbon 
dioxide, which effected the activity and activation energies of the reaction with increasing total 
pressures in negatively. The experimental results were compared and confirmed by simulated 
results, performed in collaboration with the Chalmers University of Technology (Gothenburg, 
Sweden) signaling the utility of this first-principles model in future applications for a diverse range 
of catalysts and catalytic reactions.  
To further analyze the impact of surface species on the catalyst surface during the total combustion 
of methane at elevated pressures, in-situ surface spectroscopy techniques, such as DRIFTs analysis, 
can be used to identify intermediate steps occurring on the surface. This method would result in an 
overall better understanding of the reaction, active sites and surface species itself. 
3. Electrocatalytic Reduction of CO2 over Copper Catalyst 
The last project dealt with the electrochemical reduction of CO2 over copper- and gold-based 
catalysts to form valuable carbon products. Using chemical deposition methods followed by an 
electrochemical in-situ reduction in the absence or presence of a gold-salt in the electrolyte, the 
catalyst materials were obtained. Four types of catalyst material (pure Cu, Cu with 0.9 and 1.8 at% 




activity/selectivity in CO2 reduction. From a morphological point of view all samples containing 
Cu were similar, consistently showing Cu flakes made of small Cu nanoparticles giving the 
required porosity of the catalyst for higher surface areas and by that, a higher number of active 
sites. Pure Au samples on the other hand, showed dendric, ordered structures, which differed in 
size and shape from the Au-dendrites (made of small Au particles) formed on the bimetallic 
samples. The bimetallic sample containing 1.8 at% of gold was further analyzed on its composition 
and phase structure. Polycrystalline Cu and Au phases and phases of CuO and Cu2O were identified 
to be present. Catalytic experiments at two different potentials (-0.3 and -0.4 V vs RHE) revealed 
a low current density for each catalyst (up to -1.5 mA cm-2, while different liquid products (formate, 
ethanol and glycerol) were formed in small amounts during the reaction. Interestingly, the pure Au 
sample formed ethanol during the reaction, which was an unexpected result for this material.  
The here shown results are preliminary and require further investigation and optimization of the 
designed catalyst and experiment. The main objective would be to use gas chromatography for the 
identification and quantification of the gaseous products to cover all possible formed products of 
the reaction. Furthermore, more general characterizations, such as surface area measurements via 
ECSA or ECDL and XRD-measurements, should be carried out for a better comparability of the 
catalyst material. In addition, the used substrate can be exchanged to a more inert one, such as 
porous carbon paper, to avoid influence of the substrate in the reaction (such as titanium oxide 
particles enhancing HER). CuO-films should be considered as a possible catalyst material, as it 





Brief Summary of this Thesis 
Introduction 
Scientists worldwide agree that for a sustainable future on planet Earth, it is important to stay below 
the limit of a 1.5°C increase in global mean surface temperature. This value is measured relative 
to temperatures from when the industrial revolution started (around 1880)1. It is the limit from 
which there is no return to preindustrial values, at which consequences such as extreme 
weather/temperatures and climate feedback loops will increase in frequency and unpredictability2–
4. At this point natural catastrophes are more prevalent than before, more extreme temperatures are 
more common2, and ecosystems decease due to anthropogenic activities. Hence, it is not only the 
task of governments worldwide to take action and prevent this value from being reached but also 
the objective of scientists worldwide to find new technologies and methods to prevent the 
unpredictable from occurring.  
The term greenhouse-effect derives from the function of a greenhouse: A greenhouse is usually 
built in countries where the temperatures are normally too cold or the weather too rainy to grow 
plants. The function of a greenhouse is to keep the heat coming from sunlight inside the house, as 
the sunlight can enter the house, while the glass or plastic walls of the house retain part of the 
sunlight, causing the greenhouse to warm up. The very same effect can be found on a much grander 
scale with the earth: In this case, greenhouse gases are capable of retaining incident sunlight within 
the earth’s atmosphere5 and as a result, global surface temperatures increase over time. Some of 
these greenhouse gases are naturally transformed and absorbed by different ecosystems, returning 
back into the energetic cycle, whereas other gases remain longer in atmosphere and constantly 
contribute to the increase in overall temperature of our atmosphere1,5.  
These gases that cause the atmosphere to heat up are called greenhouse gases and different 
greenhouse gases have different impacts on global warming. The most commonly known 
greenhouse gas is CO2, which is principally formed during the combustion of fossil fuels. As the 
quantities emitted of this gas are large, it is used as a standard unit of measurement against which 
the global warming potential (GWP) of other gases are compared to5. Another important 
greenhouse gas is methane (CH4) which can be found largely in the agricultural and waste 





To remain below the indicated limit of an overall global surface temperature increase of 1.5°C, 
different actions can be taken using catalysis to aid in reaching this goal. One very simple and 
straightforward way to do so is to reduce, or better to avoid, the emission of greenhouse gases. It 
is no secret that burning fossil fuels has the greatest impact on the emission of greenhouse gases 
(CO2 but also CH4)
5. Another large contribution derives from industrial processes, where CO2 can 
be found as a side-product of different reactions for bulk chemical synthesis6. For example, the 
production of methyl formate can be obtained by oxidatively coupling two methanol molecules to 
form the final product7,8. One side-product obtained during this reaction is CO2. Hence, it is 
required to design a catalyst in such a way, that the selectivity of the reaction is shifted towards the 
more desired methyl formate to reduce CO2 emission. This reaction in particular was investigated 
over an unsupported gold catalyst in the first project of this thesis.  
As methane has a higher GWP compared to CO2, the emission has to be reduced drastically. In the 
transportation sector, where fossil fuels are used to generate energy for vehicles, the slip of 
uncombusted methane into the atmosphere is possible (especially when natural gas is used to power 
the engine)9–11. A catalyst in these sectors is required to reduce the methane slip by decreasing the 
activation energy of the combustion reaction and obtain the less harmful CO2
5. This parameter was 
studied in the second project of this thesis, where the total pressure and temperature influence of 
the methane combustion was examined over a palladium catalyst. 
Another method is to capture the CO2 formed during industrial processes and use it as a carbon 
source to synthesize useful chemicals, which can be used again as a fuel or to further obtain fine 
chemicals12–14. On the condition green energy (energy which does not emit CO2) is used to power 
the reaction, a closed circle of CO2 capture and emission can be obtained
12. The third and last 
project tries to tackle this task by electrochemically reducing CO2 over a copper and gold catalysts 
to form C1 (hydrocarbon containing one carbon atom) to C3 (hydrocarbon containing three carbon 
atoms) hydrocarbons over copper and gold catalysts. The following scheme shows the relations 
between the three different projects, which close the circle of CO2 production and consumption by 
catalytic oxidation and reduction reactions over different metal catalysts using heterogeneous 





Figure 5.1 Summary and relation of the three topics of heterogenous catalysis investigated in this thesis. 
 
In this PhD thesis, different catalytic approaches were used to reduce the emission and presence of 
greenhouse gases in the environment, which at a larger scale can help to tackle the global need of 
reducing these gases to decrease their impact on global warming. Using metallic nanoparticles or 
nanoparticulate structures enabled us to use these materials as catalysts for different heterogenous 
catalytic reactions, involving gas-phase and electrocatalysis. Finally, reduction and oxidation 
reactions with these catalysts can be used to close the carbon cycle and result in a final net-zero 
carbon emission. 
Project I: Porous Gold Catalysts from a Bottom-Up Approach for Oxidation Reactions 
The capability of gold to catalyze oxidative reactions has led to an increasing interest in gold (Au) 
catalysts, which has resulted in the development of new nanostructured materials in the past years15. 
One material established in the last few decades is the so-called nanoporous gold (NPG). This 
material is synthesized by the chemical or electrochemical etching of gold-alloys that were a priori 
formed with different miscible metals. The so obtained porous structure with small ligament sizes, 
capable of holding metal traces from the dealloying process, is able to catalyze different reactions 
with enhanced activities at low temperatures compared to corresponding supported catalysts16,17. 
One reaction of interest is the oxidative methanol coupling in gas phase over gold catalysts, in 
which two methanol molecules are coupled by using oxygen over the gold surface18.  
The initiating step of the oxidative methanol coupling is the adsorption of oxygen on the catalyst 
surface followed by the formation of methoxy groups from the methanol feed and the simultaneous 




elimination of the methoxy-group to form formaldehyde. This formaldehyde can undergo two 
different reaction paths: Firstly, a formaldehyde molecule can react with other methoxy-species to 
become a hemiacetal alcoholate on the surface which finally desorbs to form the products methyl 
formate and water. Secondly, the formaldehyde can be further oxidized on the surface to formate 
which finally combusts to carbon dioxide and water. This step occurs in the presence of higher 
oxygen concentrations in which CO2 is an undesirable side-product
18. Related to this, the selectivity 
for the coupling products appears to decrease with increasing metal trace content8. Controversially 
to these results, in the works of Lackmann et al.19 low coordinated surface sites of gold were 
identified to be active for the coupling of methanol.  
Despite these fascinating catalytic functions, the synthesis method of these materials has many 
drawbacks, such as the limitation of the chemical composition of the final product or the restriction 
of control over pore sizes. Furthermore, no published works can explain if actual pure nanoporous 
structures are able to catalyze the reaction to prove if the metal traces in the NPG synthesized by 
the top-bottom approach play a crucial role in the oxidative methanol coupling reaction. In addition, 
the reproducibility of this approach is not high, as the starting point of the alloy is not always 
homogenous and the formation of clusters during the dealloying process20 leads to a poor 
distribution of the metal traces. For these reasons, the development of a new method for the 
synthesis of nanoporous structures is desirable, which allows for the choice of composition and 
amount of metal trace in the system, permitting these effects on the activity to be investigated in 
detail. 
In our work we chose a bottom-up approach to tackle this challenge, exploiting the self-assembly 
of nanoscale units (i.e. metallic nanoparticles) through the cryogelation method21 to synthesize 
nanoporous materials. Freytag et al. showed in their work a simple method to build 3D disordered 
porous structures (i.e. cryogels) by freeze-drying of different metallic nanoparticles (NPs)21. The 
aim of this work was thus to obtain nanoporous metal structures with morphologically and 
chemically controlled properties as the building units, which is not achievable through the more 
established dealloying process. With this approach, the role of the metal traces in the oxidative 
methanol coupling will be studied and clarified in further detail. 
After obtaining porous gold catalysts by the aforementioned bottom-up method, their activity for 
carbon monoxide oxidation and selective oxidative coupling of methanol was investigated. In 




metals (Ag, Ce, Cu and Pd) by adding the metal salts to the colloidal gold solution used during the 
cryogelation to obtain the gels. Depending on the add-metal, different catalytic activities and 
selectivities were observed, which was explained using different surface and bulk analysis 
techniques, by the nature of the decorated metal (as an oxide of chloride) and its environment 
(clustering of the add-metal or well distribution). In the second part of this project, sodium ions 
were found on the surface of the pre-assumed pure gold catalyst, which allowed the formation of 
intermediate species (such as carbonates or formates) in its presence, leading to unexpectedly high 
activities for the “pure gold sample”. Its absence instead led to inactivity of the catalyst, hence 
underlining the necessity of the add-metal to a pure gold system to obtain a highly active catalyst 
for the oxidative coupling of methanol to methyl formate.  
Project II: Total Pressure Effects on the Combustion of Methane over a Pd/Al2O3 Catalyst 
Our atmosphere is composed of 78% nitrogen, 21% oxygen, 0.9% argon, 0.04% carbon dioxide 
and diverse other gases22. One of these gases in the atmosphere is known to be methane, which can 
be anthropologically difficult to capture once emitted and hence requires the restriction of its 
emission in the first place. The main emissions of methane can be found in agriculture, in oil and 
gas extraction, in waste treatment and the combustion of fuel5. There is a necessity to reduce the 
emission of methane in all these sectors, whereas the focus in this chapter is set to the fuel 
combustion (such as natural gas combustion engines) itself. Either the usage of an alternative 
engine (such as electromobility) would be required or the catalytic combustion in combustion 
engines needs to be improved.  
Methane is the main component in natural gas and has a higher hydrogen-to-carbon ratio compared 
to diesel and gasoline. However, combustion engines using natural gas are prone to have a slip of 
uncombusted fuel and it is essential that any methane is removed before the exhaust is released 
into the atmosphere since methane is a highly potent greenhouse gas5. The removal is commonly 
performed by catalytic converters where total combustion of methane is generally achieved over 
supported palladium based catalysts23.  
To identify highly active methane oxidation catalysts, most published experiments have been 
performed at atmospheric total pressures. Under these conditions, the catalysts still require high 
temperatures or high precious metal loadings to perform with high rates24,25, while it is known that 
elevated total pressures can favor catalytic reactions at lower temperatures26,27. One reason for the 




hydroxyl, carbonate and bicarbonate surface species. These species originate from the reaction 
itself and can block active sites of the catalyst, which can require increased temperatures to make 
these sites accessible for the reaction again28. The lean methane oxidation at low temperatures is 
relevant for vehicle exhaust after-treatment systems, which in combination with elevated total 
pressures is a rather poorly studied area in the literature. 
The aim of this work was to study the influence of elevated total pressures on the activity of the 
commercially used catalyst in the conversion of methane to carbon dioxide. To do so, the catalyst 
was synthesized according to already established methods, to obtain a by now acknowledged 
catalyst for the reaction. In this study, different variables of a chemical reaction, such as light-off 
temperatures, activation energies and reaction orders, were investigated independently to different 
pressures and temperatures to understand the relation between those variables from reaction 
conditions. Furthermore, in collaboration with a PhD student from the Chalmers University of 
Technology (Gothenburg, Sweden), the results were compared to modelled values to evaluate the 
applicability of the model in future works. 
After characterizing the synthesized material on its general properties and comparing those results 
to published values, we used the powder to wash-coat a cordierite monolith with it. The catalyst 
was investigated for its activity in an in-house built reactor set-up, analyzing different kinetic 
properties (light-off temperature, activation energy and reaction order) of the reaction for their 
dependency on temperature (350 to 450°C) and total pressures (1 to 10 atm) of the system. A clear 
positive impact of increased total pressures on the activity of the catalyst (light-off temperature was 
reduced) was visible. However, due to adsorbed surface species occurring during the reaction, the 
activation energies increased with increasing pressures, signaling the necessity of higher 
temperatures to activate the catalyst. In agreement with that, at low temperatures the reaction orders 
for the methane concentration seemed to decrease with increased pressures, underlining the 
presence of blocked active sites with increased pressures, whereas at higher temperatures opposite 
results for the reaction order were recorded. These results were additionally confirmed when 
performing experiments in the presence of water and carbon dioxide, which affected the activity 
and activation energies of the reaction with increasing total pressures in a negative manner. The 
experimental results were compared and confirmed by simulated results, performed in 




utility of this first-principle model in future applications for a diverse range of catalysts and 
catalytic reactions.  
Project III: Electrocatalytic Reduction of CO2 over Copper Catalyst 
The reduction of CO2 in the environment is crucial and can either be achieved via the reduction of 
emissions in fields where fossil-fuels are used in large quantities or via capturing the emitted CO2. 
A method of processing captured CO2 can be the electrochemical reduction of CO2. This process 
involves the CO2 being present in an electrolyte allowing a catalyst at the cathode, which once a 
potential is applied, to reduce the CO2 into a diverse range of gaseous and liquid chemical 
compounds. These products can contain one to three carbon atoms (C1-C3), which then can be 
used in bulk chemical but also fuel related applications. However, it is crucial to consider green 
energy (from solar energy or wind power) as a powering source to guarantee a carbon budget with 
a zero net-emission of CO2. Once the chemicals or fuels are obtained, they can be utilized, 
producing CO2 as an end- or side-product, which can be brought back into the carbon circle after 
capturing it from the atmosphere or directly leading the side-product of the process to an on-plant 
electrochemical cell. By this, an indefinite recycling of CO2 can be carried out allowing for net-
zero emissions which can contribute to the regulation of CO2 concentrations in the atmosphere.  
Recent research studies on the electrochemical reduction of CO2 are based on the usage of different 
transition metal catalysts29 as a working electrode material, of which copper has been utilized since 
works of Hori et al.30 for the high activities and controllable selectivities of the formed products. 
Most of the time, the Cu was used as nanoparticles (NPs) or as nanosized materials deposited on a 
substrate, enabling a large surface area and high porosities, which are correlated to a high number 
of active sites and with this also enhanced activities. In a study of Wang et al.31 the high porosity 
of the Cu electrode materials was associated with the suppression of the competing hydrogen 
evolution reaction (HER). The study showed hydrogen evolution was decreased whereas the 
reduction of carbon monoxide (CO, a known intermediate/final product of the CO2 reduction
32) 
could be increased. In addition, alloys of copper (with silver33 or gold12,34) have proved to enhance 
the activity but also the selectivity of the catalyst. In these materials, the silver/gold surface allows 
the reduction of CO2 to CO molecules, which are subsequently spilled over to the copper surface 
during a simultaneous charge transfer from copper to silver/gold at the interface of the domains. 
This results in the sequential adsorption of the CO molecules onto the copper surface and finally 




Taking this state-of-the-art knowledge into account, a simple yet effective chemical deposition 
approach coupled with an in-situ electrochemical reduction was used to prepare a diverse range of 
porous copper materials deposited on a titanium substrate. The prepared samples compositionally 
ranged from pure Cu, over a combination of Cu and small amounts of Au, to pure Au. All samples 
were produced using the in-situ reduction method to have similar morphological structures to 
compare. The addition of Au to Cu-systems was chosen to identify how the interface of both 
domains can affect the activity and selectivity for the CO2 reduction. The added amount of Au to 
the system was kept in a small range, as studies of Morales-Guio et al.12 showed that lower Au 
contents on a Cu surface can reduce sintering. Consequently, more Au-Cu interfaces can be 
accessible, which are known to be active. In addition to the bimetallic systems, pure Cu and Au 
samples prepared by the same technique were compared. The here chosen experimental method 
possesses the ability of structuring the catalyst surface with a high level of porosity35, allowing a 
higher number of active sites on the catalyst surface and increasing the selectivity towards CO2 
reduction as shown by Wang et al.31 
Four types of catalyst material (pure Cu, Cu with 0.9 and 1.8 at% of Au and pure Au) were studied 
on their morphology, composition and catalytic activity/selectivity in CO2 reduction. From a 
morphologic point of view all samples containing Cu were similar, consistently showing Cu flakes 
made of small Cu nanoparticles giving the required porosity of the catalyst for higher surface areas 
and by that a higher number of active sites. On the other hand, pure Au samples showed dendric, 
ordered structures, which differed in size and shape from the Au-dendrites (made of small Au 
particles) formed on the bimetallic samples. The bimetallic sample containing 1.8 at% of gold was 
further analyzed on its composition and phase structure. Polycrystalline Cu and Au phases and 
phases of CuO and Cu2O were identified to be present. Catalytic experiments at two different 
potentials (-0.3 and -0.4 V vs RHE) revealed a low current density for each catalyst (up 
to -1.5 mA cm-2), while different products (formate, ethanol and glycerol) were formed in small 
amounts during the reaction. Interestingly, the pure Au sample formed ethanol during the reaction, 
which was an unexpected result for this material. The presented results are preliminary and require 
further investigation and optimization on behalf of the catalysts and experimental procedure. 
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